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INTRODUCTION 
The Space S h u t t l e  v e h i c l e  may experience l i gh tn ing  i n  f l i g h t  
even though launch r e s t r i c t i o n s  w i l l  be imposed. I n  add i t ion ,  
the  system w i l l  be exposed t o  l i gh tn ing  on the  ground and pos- 
s i b l y  during o the r  mission phases. 
The Space S h u t t l e  system, inc luding  the veh ic l e  and a l l  f a c i l -  
i t i e s  where major t e s t s  or  operat ions a r e  performed, s h a l l  be 
designed t o  accept  t h e  l i gh tn ing  f l a s h ,  as  defined i n  t h i s  doc- 
ument, d i r e c t l y  t o  t h e  system during e i t h e r  p r e f l i g h t  or  in- 
f l i g h t  opera t ions  without a f f e c t i n g  any equipment i n  such a  
manner as t o  endanger personnel  s a f e t y ,  mission success ,  o r  
t o  de lay  a  launch. 
This document def ines  the  l i gh tn ing  environment f o r  design 
and imposes the  requirements t h a t  the  design must s a t i s f y  t o  
i n s u r e  t h e  p r o t e c t i o n  of the  Space S h u t t l e  vehic le  system 
from the  d i r e c t  and i n d i r e c t  e f f e c t s  of l i gh tn ing .  Speci f i -  
ca t ions ,  c r i t e r i a ,  and guide l ines  included i n  t h i s  document 
provide a  p r a c t i c a l  and l o g i c a l  approach t o  t h e  p ro tec t ion  
problems. 
P ro tec t ion  aga ins t  t h e  i n d i r e c t  e f f e c t s  of l i gh tn ing  is  in-  
t imate ly  involved wi th  the electromagnetic  compat ib i l i ty  and 
e lec t romagnet ic  i n t e r f e r e n c e  funct ions .  While t h i s  document 
does not  dea l  s p e c i f i c a l l y  wi th  electromagnetic  compat ib i l i ty  
and electromagnetic  i n t e r f e r e n c e ,  i t  does dea l  with the in- 
t e r a c t i o n s  between l igh tn ing  p ro tec t ion  measures and measures 
employed f o r  electromagnetic  compat ib i l i ty  and con t ro l  of 
e lec t romagnet ic  in t e r f e rence .  
I n  cases of c o n f l i c t  between t h e  contents  of t h i s  document 
and o the r  s p e c i f i c a t i o n s  or  c r i t e r i a  r e l a t i n g  t o  l i gh tn ing  
p ro tec t ion ,  t h i s  document s h a l l  govern. Deviat ions s h a l l  be 
granted only upon the concurrence of the  Lightning P ro tec t ion  
Committee and t h e  approval of the  Space S h u t t l e  Configuration 
Control  Board Level 11. 
The words may, s h a l l ,  and should have a  s p e c i f i c  meaning i n  
t h i s  document. See g lossary  of terms fo r  d e f i n i t i o n .  
CHANGE PROCEDURE 
Delegated r ep resen ta t ives  of the  National  Aeronautics and 
Space Administrat ion;  Johnson Space Center,  Marshall  Space 
F l i g h t  Center ,  Kennedy Space Center;  United S t a t e s  A i r  Force 
Space and Miss i l e  Systems organiza t ion  (XRZ);  and Rockwell 
I n t e r n a t i o n a l  s h a l l  be po in t s  of contact  f o r  proposed changes 
through t h e  Lightning P ro tec t ion  Committee. Figure 1-1 is a 
l i s t i n g  of au thor ized  r ep resen ta t ives  and f i g u r e  1-2 i s  a 
sample of t h e  requi red  amendment form. 
After  Lightning P ro tec t ion  Committee coordina t ion ,  a l l  pro- 
posed changes s h a l l  be prepared and processed i n  accordance 
wi th  the Space S h u t t l e  program l e v e l  I1 Configurat ion Man- 
agement Requirements document, JSC-07700, Volume I V .  
DEVIATION PROCEDURE 
Deviat ions and waivers t o  the  requirements of t h i s  document 
s h a l l  be submitted f o r  approval i n  accordance with t h e  Space 
S h u t t l e  program l e v e l  I1 Configurat ion Management Require- 
ments document, JSC-07700, Volume I V .  
AUTHORIZED REPRESENTATIVES 
FOR 
LIGHTNING CRITERIA DOCUMENT CHANGE COORDINATION 
JOHNSON SPACE CENTER 
Donald D. Arabian 
Dwight L. Suiter 
KENNEDY SPACE CENTER 
William R. Durrett 
Clyde Whittaker 
MARSHALL SPACE FLIGHT CENTER 
Buford E. Gallaher 
Glenn Daniels 
UNITED STATES AIR FORCE 
SPACE AND MISSILE SYSTEMS ORGANIZATION - XRZ 




Figure 1-1.- Authorized representatives for document change coordination. 
ROPOSEO EHUNOE 
h U E H D I E N T  
S P A C E  S H U T T L E  L I G H T N I N G  
P R O T E C T I O N  C R I T E R I A  DOCUMENT 
:ASON FOR CHUNOE 
"UMBER 
INCURRENCE 
Johnsan space c e n t e r  
Kennedy space center 
Warshall Spncc F l i g h t  Center  
Space nnd Missile S y r l c m l  Organization-U(Z ( U S M )  
Rockvell I n t c r n s t i o n a l  
APPROVAL 
C Form 1455  ( Y a y  1 3 )  W%-JI 
Figure 1-2.- Sample amendment form. 
LIGHTNING ENVIRONMENT 
The model l i g h t n i n g  f l a s h  shown i n  f i g u r e  A-1 and d e t a i l e d  
i n  Appendix A s h a l l  be used f o r  a n a l y t i c a l  and t e s t  purposes 
t o  t h e  degree p r a c t i c a l .  
This model involves  two s t rokes :  t h e  f i r s t  has a  cu r ren t  peak 
of 200 000 amperes and a cu r ren t  r a t e  of change of 100 000 am- 
peres  per  microsecond (100 K A / ~ O - ~  s e c ) ;  the second s t r o k e  i s  
ha l f  the  magnitude of t h e  f i r s t .  The model incorpora tes  in- 
termediate  c u r r e n t s  of s e v e r a l  thousand amperes p e r s i s t i n g  
f o r  a  few mi l l i s econds ,  and a  continuing cu r ren t ,  comprised 
of two phases, of 700 amperes average fo r  50 mi l l i seconds  
succeeded by 400 amperes f o r  300 mil l iseconds.  The t o t a l  
charge t r a n s f e r  i n  t h e  model is 200 coulombs, 155 coulombs 
of which passes i n  t h e  continuing current .  
Only r a r e l y  can l abora to ry  t e s t s  dup l i ca t e  t h e  s e v e r i t y  of t h e  
model f l a sh .  Simulation of t h e  e f f e c t s  of the severe  f l a s h  
are  most p r a c t i c a l l y  made using seve ra l  d i f f e r e n t  t e s t  wave- 
forms, each t a i l o r e d  t o  dup l i ca t e  one of the e f f e c t s  of t h e  
e n t i r e  severe  l i g h t n i n g  f l a sh .  Sect ion 7 and Appendix E de- 
s c r i b e  the  d e s i r a b l e  c h a r a c t e r i s t i c s  of t e s t  waveforms t o  be  
used. 
2.1.1 The most l i k e l y  l i g h t n i n g  e n t r y / e x i t  po in t s  f o r  the  launch 
phase and the  descent  phase a r e  shown i n  f i g u r e s  2-1 and 
2-2, r e spec t ive ly .  
Notes: 
1. Most likely stroke entry points are at 1, 2, 3, 4, and 5 with 
highest probability at 1, followed by 2 and 3 and then 4 and 5 
2. The least l ikely exit  point is the orbiter main engine - C.  
3. Probabilities of  damage are equal at an entry or an exi t  point. 




1. Most l ikely lightning stroke entry 
and exit  points are at 1 through 8 
with highest probability a t  1, 
followed by 2 through 8. 
2. Each point can be either an 
entry or-an exi t  point. 
5 
Figure 2-2.- Anticipated lightning stroke entry and exi t  points for orbiter descent phase. 
FLIGHT HARDWARE 
DIRECT EFFECTS 
Di rec t  e f f e c t s  of l i gh tn ing  a r e  t h e  burning,  b l a s t i n g ,  d i r e c t  
coupling of vo l t ages  and c u r r e n t s ,  and s t r u c t u r a l  deformation 
caused by l igh tn ing  a r c  attachment,  as wel l  as t h e  high- 
p re s su re  shockwaves and magnetic fo rces  produced by the  asso- 
c i a t ed  high cu r ren t s .  
E l e c t r i c a l  Cables 
E l e c t r i c a l  cables  should not ,  where p o s s i b l e ,  be exposed t o  
the  d i r e c t  e f f e c t s  of l i gh tn ing .  Exposed cables  s h a l l  be 
covered wi th  m e t a l l i c  enclosures.  
Vehicle S t r u c t u r a l  I n t e r f a c e s  (Orbi te r IExterna l  TankISolid 
Rocket Booster) 
Each i n t e r f a c e  s h a l l  be a b l e  t o  withstand the  model l i g h t n i n g  
f l a s h  without jeopardizing t h e  s t r e n g t h  or  any funct ions  re- 
qui red  t o  s a f e l y  continue t h e  mission. 
S t r u c t u r a l  i n t e r f a c e  su r faces  s h a l l  be designed t o  have l e s s  
than 2.5 milliohms r e s i s t a n c e  across  t h e i r  mated su r faces .  
The i n t e r f a c e  s h a l l  a l s o  r e t a i n  t h e  s p e c i f i e d  r e s i s t a n c e  fo r  
the  u s e f u l  l i f e  of t h e  veh ic l e .  
Bonding 
An e l e c t r i c a l  path s h a l l  be provided between s t r u c t u r e s  o r  
components t h a t  a r e  i n  t h e  main l i gh tn ing  cu r ren t  pa th  and 
s h a l l  have a r e s i s t a n c e  of 2.5 milliohms o r  l e s s .  Only those 
doors ,  panels ,  and con t ro l  su r faces  i n  the  main l i g h t n i n g  pa th  
r e q u i r e  bonding. However, bonding of e x t e r n a l  doors ,  pane l s ,  
z d  con t ro l  s-rfzces ~ o t  i n  ;he main l i g h t n i n g  pa th  s h a l l  
have a r e s i s t a n c e  of not  more than 10 milliohms unless  elec- 
tromagnetic i n t e r f e r e n c e  cons idera t ions  d i c t a t e  a lower re- 
s i s t a n c e .  E l e c t r i c a l  cables  and connectors a r e  excluded from 
the  requirements of t h i s  paragraph. 
S t r u c t u r e  
For ground operar ions ,  a p re fe r r ed  continuous m e t a l l i c  pa th  
s h a l l  be provided from t h e  p re fe r r ed  poin t  of l i gh tn ing  e n t r y  
i n t o  the  composite Space S h u t t l e  veh ic l e  to  the  p re fe r r ed  e x i t  
po in t .  The metal s h a l l  be capable of conducting t h e  peak and 
continuous cu r ren t  of t h e  model l i gh tn ing  f l a s h  without jeop- 
a rd iz ing  crew s a f e t y  or  delaying a launch. 
3.1.4.2 Vehicle ex t r emi t i e s ,  both m e t a l l i c  and non-metallic,  s h a l l  
withstand the  f u l l  model l i g h t n i n g  f l a s h  without s u s t a i n i n g  
damage t h a t  would cause a malfunction t h a t  would r e s u l t  i n  
the  l o s s  of t h e  vehic le .  Non-metallic su r faces  s h a l l  e i t h e r  
be supplied wi th  e x t e r i o r  current-conducting pa ths ,  o r  s h a l l  
demonstrate t h e  i n t r i n s i c  c a p a b i l i t y  t o  withstand t h e  l i g h t -  
n ing  f l a s h .  Those areas  of t h e  vehic le  f o r  which the  s t a t e -  
of-the-art  cannot provide p r o t e c t i o n  s h a l l  be t e s t e d  t o  de- 
termine the ope ra t iona l  cons t r a in t s .  
3.1.5 Bearing Assemblies 
Each bearing assembly i n  t h e  main l i gh tn ing  cu r ren t  pa th  s h a l l  
be ab le  t o  withstand t h e  model l i gh tn ing  f l a s h  without damage. 
Figure 3-1 shows t h e  hinged bearing sur faces .  Continuous metal 
hinges (piano-type) a r e  s e l f  bonding, provided t h a t  t h e  r e s i s -  
tance  across  t h e  hinge i s  l e s s  than 10 milliohms. 
3.1.6 Antennas 
Antennas should not  be loca ted  i n  t h e  prime l igh tn ing  a r c  
attachment a reas .  See f i g u r e s  2-1, 2-2, and 6-1. A l l  an- 
tennas s h a l l  be pro tec ted  aga ins t  l i gh tn ing  e f f e c t s .  
3.1.7 Flammable F lu id ,  Oxygen, and Monopropellant Systems 
Tanks, l i n e s ,  and assoc ia ted  access doors ,  d ra ins ,  and vents  
s h a l l  be designed such t h a t  sparking from l i g h t n i n g  and s t a t i c  
e l e c t r i c i t y  cannot occur i n s i d e  t h e  veh ic l e  s t r u c t u r e .  
Lines,  tanks ,  d r a i n s ,  and vents  exposed t o  d i r e c t  l i g h t n i n g  
a r c  attachments s h a l l  be designed such t h a t  the  i g n i t i o n  po in t  
of e i t h e r  the  conta iner  ma te r i a l s  or  t h e  f l u i d s  s h a l l  no t  be 
reached. Refer t o  Appendix B f o r  gu ide l ine  da ta .  
INDIRECT EFFECTS 
I n d i r e c t  e f f e c t s  of l i g h t n i n g  a r e  damage o r  malfunctions due 
t o  cu r ren t s  and vo l t ages  caused by the  electromagnetic  f i e l d s  
assoc ia ted  wi th  l i g h t n i n g .  
E l e c t r i c a l  equipment s h a l l  be designed t o  withstand the  e lec-  
tromagnetic e f f e c t s  produced by l igh tn ing  without damage o r  
malfunction t h a t  endangers t h e  crew, t h e  success of the  m i s -  
s i on ,  o r  delays a launch. 
Structure carrying 
main current 
Hinged bearing assembly 
Hinged bearing 
assembly 
w' Structure carrying main current Hinged bearing assembly 
in  main current path 
Figure 3.1.- Hinged bearing assemblies versus main current paths. 
The e l e c t r i c a l  equipment should be designed t o  withstand e lec-  
tromagnetic e f f e c t s  produced by l igh tn ing  without any malfunc- 
t i o n  or  upse t ,  even i f  such malfunction does not  endanger the  
crew o r  t h e  success of t h e  mission.  
Compliance t o  t h i s  requirement s h a l l  inc lude  the  i n t e r a c t i o n s  
between t h e  d i f f e r e n t  te rminal  equipment o r  between terminal 
equipment and in terconnect ing  cab le s ,  and s h a l l  be demon- 
s t r a t e d  i n  each case by ana lys i s  or  t e s t .  
Trans ient  design l e v e l s  s h a l l  be e s t ab l i shed  i n  accordance 
with Appendix D .  
3.2.1 Shie ld ing  
3.2.1.1 Overal l  s h i e l d s  s h a l l  be provided f o r  a l l  cables  t o  con t ro l  
the t r a n s i e n t s  unless  : 
a. P ro tec t ion  is provided by means other  than s h i e l d s ;  o r  
b. Such t r a n s i e n t s  do not  a f f e c t  crew s a f e t y ,  mission suc- 
c e s s ,  or t ime of launch. 
Overal l  cable  s h i e l d s  s h a l l  be continuous without breaks or  
s p l i c e s ,  except a t  connectors and a t  branch po in t s  on cables  
with mul t ip l e  breakouts .  The o v e r a l l  s h i e l d ,  as  a minimum, 
s h a l l  be grounded t o  bulkhead m e t a l l i c  s t r u c t u r e  o r  equip- 
ment ground a t  each end. In termedia te  grounding may be used. 
3.2.1.2 Shie lds  on conductors,  where requi red ,  s h a l l  have a minimum 
coverage of 85 percent .  Shielded conductors i n s i d e  t h e  over- 
a l l  cable s h i e l d s  may be grounded as  appropr ia te  for  con t ro l  
of low-level o r  low-frequency electromagnetic  i n t e r f e r e n c e .  
3.2.1.3 On e x t e r n a l  s k i n s ,  terminat ion of the o v e r a l l  s h i e l d  s h a l l  
be made along a 360-degree periphery of t h e  connector s h e l l .  
The connector s h e l l  s h a l l  be grounded i n  a 360-degree manner 
t o  the  su r face  upon which i t  i s  mounted. Termination and 
grounding of t h e  o v e r a l l  s h i e l d  a t  such su r faces  with pig- 
t a i l s  or  s i n g l e  p i n s  s h a l l  no t  be acceptable.  
3.2.1.4 Termination of the  o v e r a l l  s h i e l d  a t  connectors on i n t e r n a l  
bulkheads should be made along a 360-degree periphery of the 
connector s h e l l .  I f  terminat ion and grounding i s  made with 
a p i g t a i l  o r  through a connector p in ,  the connection s h a l l  
be made d i r e c t l y  t o  the  bulkhead using t h e  minimum length  
path. The r e s i s t a n c e  of the  p i g t a i l  s h a l l  no t  exceed 2.5 
milliohms . 
Power Returns 
Current-conducting pa ths  s h a l l  be provided between veh ic l e  in- 
t e r f a c e s  only through the  e l e c t r i c a l  i n t e r f a c e .  S t ruc tu re  a t  
i n t e rveh icu la r  i n t e r f a c e s  s h a l l  not  be r e l i e d  upon a s  current-  
conducting power-return paths.  
I n t r a v e h i c u l a r  power d i s t r i b u t i o n  systems should incorpora te  
a  s ingle-point  grounding system t o  prevent  ground loops. 
F loa t ing  power d i s t r i b u t i o n  systems a r e  acceptable.  
I n t r a v e h i c u l a r  s t r u c t u r a l  r e tu rns .  a r e  acceptable  provided t h a t  
such ~ a t h s  do not  allow coupling t h a t  would cause adverse ef- 
f e c t s  t o  t h e  opera t ion  of any system i n  the  vehic le .  
Electromagnetic coupling can be con t ro l l ed  by sh ie ld ing ,  rout- 
i n g  of conductors,  o r  by t h e  use of t r a n s i e n t  suppression de- 
v i ces .  A l l  t r a n s i e n t  suppression device f a i l u r e  modes should 
be f a i l -open  under normal veh ic l e  system opera t ing  condit ions 
and a f t e r  a  l i gh tn ing  s t r i k e .  (See Appendix C f o r  suppression 
devices and t h e i r  c a p a b i l i t i e s . )  
Vehicle Wiring I n t e r f a c e s  ( O r b i t e r f ~ x t e r n a l  Tank/Solid Rocket 
Booster) 
Wiring i n t e r f a c e s  s h a l l  b e c o n t r o l l e d  t o  prevent  vol tages  o r  
c u r r e n t s ,  r e s u l t i n g  from t h e  d i r e c t  o r  i n d i r e c t  e f f e c t s  of 
l i g h t n i n g ,  from damaging or  i n t e r f e r i n g  with terminal  equip- 
ment. 
Bandwidth L imi t a t ions  
Equipment frequency bandwidths should be e s t ab l i shed  t h a t  a r e  
no wider than necessary f o r  proper opera t ion .  
Avionics Hardware 
Lightning e f f e c t s  s h a l l  not  cause a l o s s  of power of such a  
du ra t ion  t h a t  would r e s u l t  i n  adverse e f f e c t s  t o  category 1 
equipment. 
'see g los sa ry  of terms f o r  d e f i n i t i o n  of adverse e f f e c t s .  
GROUND HARDWARE 
Ground hardware, f o r  the  purpose of t h i s  document, inc ludes  
equipment and f a c i l i t i e s  d i r e c t l y  o r  i n d i r e c t l y  connected t o  
t h e  veh ic l e ,  t h e  proper funct ion of which is e s s e n t i a l  t o  per- 
sonnel and equipment s a f e t y ,  mission success,  and t o  prevent 
launch delay. 
DIRECT EFFECTS 
Equipment and f a c i l i t i e s  which cannot withstand d i r e c t  l i g h t -  
ning e f f e c t s ,  as  defined i n  paragraph 3.1, s h a l l  be p ro tec t ed  
by a i r  te rminals  and/or conductors. Equipment and f a c i l i t i e s  
may be pro tec ted  by the  cone of p ro tec t ion  of o the r  s t r u c t u r e s  
4 .1 .1  Vehicle- to-Faci l i ty  Grounding 
F a c i l i t y  grounding provis ions  s h a l l  be designed to  provide 
a r e s i s t a n c e  of 2.5 milliohms or  l e s s  between t h e  e x t e r n a l  
tank and t h e  mobile launcher ,  between the  Orb i t e r  and t h e  
mobile launcher ,  and between each of the s o l i d  rocket  motors 
and the mobile launcher.  
4.1.2 E l e c t r i c a l  Bonding 
The e l e c t r i c a l  conductive path or  bond between s t r u c t u r e s  or  
components i n  t h e  main l i gh tn ing  cur rent  pa th  s h a l l  have a 
r e s i s t a n c e  of 2.5 milliohms or  l e s s .  
4.1.3 Cable Trays 
A l l  cab le  t r ays  s h a l l  be pro tec ted  from a d i r e c t  l i gh tn ing  
f l a s h .  A l l  v e r t i c a l  cable  t r a y s  on f a c i l i t y  s t r u c t u r e s  ex- 
posed t o  t h e  electromagnetic  e f f e c t s  of l i gh tn ing  s h a l l  be 
of s o l i d  metal and completely covered, and when p r a c t i c a l ,  
be mounted i n t e r n a l  t o  t h e  f a c i l i t y  s t r u c t u r e .  
INDIRECT EFFECTS 
I n d i r e c t  e f f e c t s  a r e  damage o r  malfunctions due t o  cu r ren t s  
and vol tages  caused by the  electromagnetic  f i e l d s  assoc ia ted  
wi th  l i gh tn ing .  
4.2.1 Grounding 
4.2.1.1 Grounding systems, such as E (Equipment) and I (Instrumenta- 
t i o n )  ground systems, s h a l l  be connected together  a t  only a 
s i n g l e  po in t ,  and t h i s  s i n g l e  po in t  s h a l l  be connected t o  
e a r t h .  
C i r c u i t s  and s i g n a l  ground s h a l l  be referenced t o  a grounding 
system i s o l a t e d  from s t r u c t u r e  except a t  one poin t .  
Lightning P ro tec t ion  Shielding 
A l l  cables  s h a l l  have an o v e r a l l  s h i e l d  fo r  l i gh tn ing  protec- 
t i o n .  The o v e r a l l  s h i e l d ,  a s  a minimum, s h a l l  be grounded 
t o  bulkhead m e t a l l i c  s t r u c t u r e  o r  equipment grounding t e r -  
minals a t  l e a s t  a t  each end. Overal l  s h i e l d s  s h a l l  be con- 
t inous  without  breaks or s p l i c e s  except a t  connectors and a t  
branch po in t s  on cables  with mul t ip le  breakouts.  Intermedi- 
a t e  grounding should be used where t h e  o v e r a l l  s h i e l d  pene- 
t r a t e s  o r  touches metal .  Cables loca ted  completely wi th in  
sh ie lded  compartments need not comply. 
Shields on conductors s h a l l  have a minimum coverage of 85 per- 
cent .  Shielded conductors i n s i d e  the  o v e r a l l  cable s h i e l d s  
may be grounded a s  appropr ia te  f o r  con t ro l  of low-level o r  
low-frequency electromagnetic  in t e r f e rence .  
Termination of the  o v e r a l l  s h i e l d  on e x t e r n a l  bulkheads s h a l l  
be made along a 360-degree periphery of the  connector s h e l l .  
The connector s h e l l  s h a l l  be grounded i n  a 360-degree manner 
t o  the  bulkhead upon which i t  i s  mounted. Termination and 
grounding of t h e  o v e r a l l  s h i e l d  a t  such bulkheads wi th  pig- 
t a i l s  o r  s i n g l e  p ins  s h a l l  not  be acceptable.  
Termination of the o v e r a l l  s h i e l d  a t  connectors on i n t e r n a l  
bulkheads should be made along a 360-degree periphery of t h e  
connector s h e l l .  I f  terminat ion and grounding i s  made with 
a p i g t a i l  o r  through a connector p i n ,  t h e  connection s h a l l  
be made d i r e c t l y  t o  t h e  bulkhead m e t a l l i c  s t r u c t u r e  using t h e  
minimum length  path.  The r e s i s t a n c e  of the p i g t a i l  s h a l l  not 
exceed 2.5 milliohms. 
Bandwidth Limi ta t ions  
Equipment frequency bandwidths should be e s t ab l i shed  t h a t  a r e  
no wider than necessary f o r  proper opera t ions .  
VEHICLE/FACILITY INTERFACES (LOOKING TOWARDS THE FACILITY) 
Meta l l i c  Tubes and Ducts 
A l l  m e t a l l i c  tubes and ducts  pene t r a t ing  the  v e h i c l e  s k i n  
s h a l l  be e l e c t r i c a l l y  bonded t o  t h e  veh ic l e  sk in .  I f  t h i s  
bonding i s  accomplished with a jumper, t h i s  jumper s h a l l  be 
as  s h o r t  as  poss ib le .  
4.3.2 Trans ient  P ro tec t ion  Devices 
Trans ient  p ro tec t ion  devices s h a l l  be i n s t a l l e d  on power 
l i n e s  a t  the c l o s e s t  p r a c t i c a l  po in t  t o  where the  power l i n e s  
pene t r a t e  the veh ic l e  sk in .  These t r a n s i e n t  p ro tec t ion  de- 
v ices  s h a l l  be i n s t a l l e d  both l ine- to- l ine  and line-to-ground. 
Such t r a n s i e n t  p ro tec t ion  devices may be e l iminated ,  i f  i t  i s  
shown by ana lys i s  and t e s t  t h a t  the  margin between t h e  ac tua l -  
induced t r a n s i e n t  l e v e l s  and the s u s c e p t i b i l i t y  of t h e  t e r -  
minal apparatus meets the  gu ide l ines  of Appendix D. 
4 . 3 . 3  Vehicle-to-Ground Hardware I n t e r f a c e s  
Wiring i n t e r f a c e s  s h a l l  be cont ro l led  t o  prevent  vol tages  o r  
cu r ren t s  r e s u l t i n g  from t h e  d i r e c t  o r  i n d i r e c t  e f f e c t s  of 
l i gh tn ing  from damaging o r  i n t e r f e r i n g  with terminal  equip- 
ment. A t  the  v e r t i c a l  f l i g h t  f a c i l i t y ,  ground hardware elec-  
t r i c a l  l i n e s  should i n t e r f a c e  t h e  veh ic l e  a s  c lose  t o  t h e  
base as p r a c t i c a l  t o  minimize the  i n d i r e c t  e f f e c t s  of l i g h t -  
ning. 
PYROTECHNICS 
PROTECTION OF MATERIALS AND DEVICES 
I n s t a l l a t i o n  of pyrotechnic ma te r i a l s  and devices s h a l l  be 
designed t o  provide a  s p e c i f i c  cu r ren t  pa th  around the  pyro- 
technic  ma te r i a l s  and devices such t h a t  the e f f e c t s  of t h e  
f u l l  model l i gh tn ing  cu r ren t  w i l l  not  cause dudding o r  inad- 
v e r t e n t  f i r i n g s .  
PROTECTION OF ELECTRICAL SYSTEMS 
Pyrotechnic e l e c t r i c a l  f i r i n g  c i r c u i t s ,  power sources ,  and 
c o n t r o l l i n g  l o g i c  s h a l l  be designed such t h a t  no func t iona l  
f a i l u r e s  w i l l  r e s u l t  from t h e  d i r e c t  and i n d i r e c t  e f f e c t s  of 
the f u l l  model l i gh tn ing  cur rent .  
Bonding 
The i n i t i a t o r  and c o n t r o l l i n g  l o g i c  conta iners  s h a l l  be elec-  
t r i c a l l y  bonded t o  t h e  veh ic l e  s t r u c t u r e .  The measured elec-  
t r i c a l  bond r e s i s t a n c e  from t h e  components t o  t h e i r  r e s p e c t i v e  
adjacent  veh ic l e  s t r u c t u r e  s h a l l  be l e s s  than 2.5 milliohms. 
Shie ld ing  
Shielded twisted-pair  wires  s h a l l  be used f o r  each s i n g l e  
br idgewire explosive device  i n i t i a t o r .  Shie lds  s h a l l  be con- 
t inuous without breaks o r  s p l i c e s ,  w i th  the exception of 
through-pins i n  p res su re  bulkhead e l e c t r i c a l  connectors.  
Shie ld ing  terminat ion a t  connectors s h a l l  provide 360-degree 
coverage. The s h i e l d  design s h a l l  provide a  minimum a rea  
coverage of 85 percent  f o r  a t t enua t ion .  
TESTING 
The requirements of paragraphs 5.1 and 5.2 s h a l l  be v e r i f i e d  
by t e s t s .  
FERRYING REQUIREMENTS 
AIR-BREATHING ENGINES 
Air-breathing engines ,  n a c e l l e s ,  and pylons s h a l l  be designed 
t o  provide a  d i r e c t  current-carrying pa th  t o  t h e , v e h i c l e  b a s i c  
s t r u c t u r e  such t h a t  the  f u l l  model l i gh tn ing  cu r ren t  w i l l  no t  
cause engine malfunction due t o  phys ica l  damage o r  induced 
electromagnetic  e f f e c t s .  
EXTERIOR LIGHTS 
A l l  e x t e r i o r  l i g h t s  s h a l l  have t h e i r  m e t a l l i c  bases e l e c t r i -  
c a l l y  bonded t o  t h e  veh ic l e  b a s i c  s t r u c t u r e  t o  provide a di-  
r e c t  l i gh tn ing  s t r i k e  cu r ren t  path. The l i g h t  design s h a l l  
i n su re  l i g h t n i n g  f lashover  t o  t h e  b a s i c  s t r u c t u r e  and provide 
p ro tec t ion  from t r a n s i e n t  vol tages  being induced i n t o  t h e  ve- 
h i c l e  e l e c t r i c a l  system. 
PITOT TUBES 
P i t o t  tubes s h a l l  be designed t o  prevent the, l i gh tn ing  cur- 
r e n t  from d i r e c t l y  coupling i n t o  t h e  veh ic l e  e l e c t r i c a l  power 
system, and/or  damaging the  veh ic l e  s t r u c t u r e .  
LIGHTNING ENTRY /EXIT POINTS (FERRY PHASE) 
The most l i k e l y  l i g h t n i n g  e n t r y / e x i t  po in ts  of the  Orbi te r  
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Figure 6-1.- Anticipated lightning stroke entry and exi t  points for orbiter ferry configuration. 
VERIFICATION 
A severe  l i gh tn ing  cu r ren t  waveform model has been defined 
fo r  the  Space S h u t t l e  as  a  design requirement and included 
i n  Appendix A of t h i s  document. The reproduct ion of t h i s  
complete waveform would be expensive and d i f f i c u l t ,  there-  
f o r e ,  some s impl i f i ed  t e s t  waveforms a re  prescr ibed  f o r  dem- 
o n s t r a t i n g  compliance with t h e  severe  model requirements.  
WAVEFORMS 
The t r a n s i e n t  cu r ren t s  and vol tages  produced by s imula t ion  
devices may be described by c e r t a i n  idea l i zed  waveforms. 
These same waveforms may be used as  approximations t o  t h e  
a c t u a l  l i gh tn ing  cu r ren t ,  and t o  the  cu r ren t s  and vol tages  
produced by t h e  l i g h t n i n g  cur rent .  
The four most commonly encountered waveforms a re  shown on 
f i g u r e  7-1. The phys ica l ly  r e a l i z a b l e  waveforms ( so l id  
l i n e s ) ,  and s t r a i g h t  l i n e  approximations (dot ted l i n e s )  a r e  
both shown. These waveforms descr ibe  both t h e  amplitude and 
time h i s t o r y  of t h e  waveform. The most important f a c t o r s  
t h a t  must be defined f o r  each of the  waveforms a r e :  
7 .1.1 Damped O s c i l l a t o r y  Waveform 
a.  Anplitude - A 
b. Time t o  c r e s t  - t 1  ( s t r a i g h t  l i n e  approximation - t ' )  
c .  Period of o s c i l l a t i o n  - T [ i n  terms of frequency, ( f )  
T = l / f ]  
d.  Decrement o r  r a t i o  of amplitudes of successive ha l f  cycles  
7.1.2 Exponential Waveform 
a. Amplitude - A 
b. Time t o  c r e s t  - t l  ( s t r a i g h t  l i n e  approximation - t ' )  
c .  Time to  ha l f  value - t 2  
7.1.3 Exponential Waveform with Backswing 
a .  Amplitude - A (time t o  c r e s t  and time t o  ha l f  value same 
as  t h e  exponential  wave). 
b.  Amplitude of the backswing - A2 
c .  Duration of t h e  backswing - t 4  minus t 3  
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dl  Generalized triangular wave 
Figure 7-1. - Description of waveforms. 
Generalized Tr iangular  Waveform 
a .  Amplitude - A 
b. Time t o  c r e s t  - t ]  
c. Time t o  ha l f  value - t 2  
d. Duration - t 3  
APPLICABILITY OF WAVEFORMS 
Direc t  E f f e c t s  
The s o l i d  l i n e s  of the  damped o s c i l l a t o r y  waveform and expo- 
n e n t i a l  waveform ( f i g .  7-1) should be used f o r  e x t e r i o r  hard- 
ware and t o t a l  veh ic l e  t e s t s .  The s o l i d  l i n e s  i n  f i g u r e  7-1 
i n d i c a t e  the  gene ra l  t e s t  waveforms which a r e  defined i n  more 
d e t a i l  i n  Appendix E. These waveforms a r e  determined by the  
type of equipment a v a i l a b l e  f o r  a r t i f i c i a l  l i gh tn ing  genera- 
t o r s ,  s p e c i f i c a l l y  capaci tor  banks f i r i n g  i n t o  the  t e s t  c i r -  
c u i t s ,  which r e s u l t s  i n  damped o s c i l l a t o r y  and exponent ia l  
waveforms. 
I n d i r e c t  E f f e c t s  Analysis 
Analysis of i n d i r e c t  e f f e c t s  i s  most e a s i l y  accomplished with 
a  s t r a i g h t  l i n e  approximation of the  n a t u r a l  and a r t i f i c i a l  
l i g h t n i n g  cu r ren t  waveforms. These a r e  i l l u s t r a t e d  by t h e  
dashed l i n e s  i n  f i g u r e  7-1, and a r e  defined i n  more d e t a i l  
i n  Appendix E. 
I n d i r e c t  E f f e c t s  Tes t  
Test waveforms f o r  i n d i r e c t  t e s t s  a r e  determined both by t h e  
pulse sources and t h e  coupling devices with r e s u l t a n t  wave- 
forms shown i n  b ,  c ,  and d  por t ion  of f i g u r e  7-1, and i n  more 
d e t a i l  i n  Appendix E .  
FLIGHT HARDWARE (ORBITER/SOLID ROCKET BOOSTERS/EXTERNAL TANK/ 
SPACE S1:L'TTLE MAIN ENGINES) 
Component and Subsystem Level Tes ts  - Direct  E f f e c t s  
A s e r i e s  of t e s t s  s h a l l  be made on those components of t h e  
s t r u c t u r e  most l i k e l y  t o  be subjec ted  t o  the  d i r e c t  burning,  
b l a s t i n g ,  o r  mechanical e f f e c t s  of l i gh tn ing .  The purpose 
of these  t e s t s  s h a l l  be t o  determine whether those components 
w i l l  s u f f e r  unacceptable phys ica l  damage. E x t e r i o ~  hardware 
having a  c r i t i c a l i t y  of 1 s h a l l  be t e s t e d .  Ex te r io r  hardware 
having a  c r i t i c a l i t y  of 2 and 3 should be t e s t e d ,  i f  ana lys i s  
so i n d i c a t e s .  
7.3.1.2 The items t o  be t e s t e d  should inc lude ,  but  w i l l  not be l imi t ed  
t o  t h e  following: 
a .  Navigation l i g h t s  
b .  Separat ion l a t ch ing  mechanisms 
c. G u i l l o t i n e  devices 
d. Fuel f i l l e r  caps 
e .  Access doors 
f .  Umbilical systems 
g. Umbilical covers 
h. Antennas 
i. P i t o t  tubes 
j .  Fuel vents  
k. Ex te rna l  s t r u c t u r a l  s k i n  j o i n t s  
7.3.1.3 A more d e t a i l e d  d iscuss ion  of the  t e s t  waveforms t o  be used 
f o r  d i r e c t  e f f e c t s  t e s t i n g  i s  given i n  Appendix E .  
7.3.2 Component and Subsystem Level Tes ts  - I n d i r e c t  E f f e c t s  
7.3.2.1 A s e r i e s  of ana lys i s  and t r a n s i e n t  proof t e s t s  s h a l l  be con- 
ducted on a  subsystem l e v e l .  
7.3.2.2 The a c t u a l  t r a n s i e n t  l e v e l  t o  which l i g h t n i n g  i s  expected t o  
impress upon the  equipment s h a l l  be ca l cu la t ed .  Appendix F 
may be used as  a  guide t o  such c a l c u l a t i o n s .  On the  ground, 
where the  veh ic l e  can be t h e  e n t r y  po in t  f o r  l i g h t n i n g ,  a c t u a l  
t r a n s i e n t  l e v e l s  impressed upon any a s soc ia t ed  ground hardware 
s h a l l  a l s o  be incuded i n  the  c a l c u l a t i o n s .  
7.3.2.3 Each p iece  of e l e c t r i c a l  equipment s h a l l  be assigned a t ran-  
s i e n t  design l e v e l  a t  which a  t r a n s i e n t  proof t e s t  may be made 
t o  v e r i f y  t h a t  the  appara tus  w i l l  not s u f f e r  adverse e f f e c t s .  
The type of t e s t  (vol tage  or c u r r e n t ) ,  the  type of appl ica-  
t i o n  (common mode or  l i n e - t o - l i n e ) ,  t h e  amplitude, and t h e  
frequency or  wave-shape parameters s h a l l  be included i n  the  
complete s p e c i f i c a t i o n  of t h e  t r a n s i e n t  t e s t  l eve l s .  
Trans ient  proof t e s t s  a re  discussed i n  Appendix D. A s e r i e s  
of t r a n s i e n t  l e v e l s  s h a l l  be developed t h a t  a r e  appropr ia te  
t o  the  d i f f e r e n t  types of apparatus and the electromagnetic  
environment t o  which t h a t  apparatus is exposed. Appendix D 
may be used as  the  i n i t i a l  guide l ines  f o r  t h e  development of  
such l e v e l s .  
The a c t u a l  t r a n s i e n t  l e v e l  produced by l igh tn ing  s h a l l  be 
v e r i f i e d  t o  be l e s s  than the  t r a n s i e n t  t e s t  l e v e l  t o  which 
t h e  equipment has been subjected or the  t r a n s i e n t  design 
l e v e l ,  i f  the proof t e s t  has been waived. 
The requi red  margin between the a c t u a l  t r a n s i e n t  l e v e l  and 
the t r a n s i e n t  t e s t  o r  des ign  l e v e l  s h a l l  be determined from 
the guide l ines  given i n  Appendix D .  
Trans ient  proof t e s t s  s h a l l  be performed on a l l  c r i t i c a l i t y  1 
e l e c t r i c a l  equipment. Trans ient  proof t e s t s  should be per- 
formed on c r i t i c a l i t y  2 and 3 e l e c t r i c a l  equipment, i f  analy- 
sis s o  i n d i c a t e s .  
TOTAL VEHICLE TESTS 
Simulated l i gh tn ing  t e s t s  s h a l l  be conducted on the Orb i t e r  
veh ic l e .  The t e s t  vehic le  should be o u t f i t t e d  with as  com- 
p l e t e  a  s e t  of av ionics  equipment a s  poss ib l e ,  and be config- 
ured fo r  the  en t ry  and f e r r y  ( a l t i t u d e s  below 50 000 f e e t )  
phases.  The avionics  equipment s h a l l  be operated during a  
r ep resen ta t ive  po r t ion  of t hese  t e s t s  t o  v e r i f y  compliance 
wi th  the requirements of t h i s  document. The general ized t e s t  
waveforms t o  be used i n  the  l i gh tn ing  s imulat ion t e s t i n g  a re  
shown i n  f igu re  7-1 and described i n  more d e t a i l  i n  Appen- 
d i x  E.  Waveforms more c lose ly  approximating those of Appen- 
d i x  A should be used, i f  ava i l ab le .  
GROUND HARDWARE 
Direc t  E f f e c t s  
Vehicle-to-Facili ty Grounding 
V e r i f i c a t i o n  of the  2.5-milliohm requirement of paragraph 
4.1.1 s h a l l  be made by ana lys i s ,  and i f  p r a c t i c a l ,  s h a l l  be 
v e r i f i e d  p e r i o d i c a l l y  by a c t u a l  measurement. 
I n d i r e c t  E f fec t s  
7.5.2.1 Equipment and Instrumentat ion Grounds.- V e r i f i c a t i o n  of t h e  
requirements of paragraph 4.2.1.1 s h a l l  be accomplished by 
measurement during i n i t i a l  f a c i l i t y  cons t ruc t ion  and period- 
i c a l l y ,  t h e r e a f t e r .  
7.5.2.2 Continui ty of Cable Shields.-  The con t inu i ty  of t h e  o v e r a l l  
cable  s h i e l d s ,  spec i f i ed  i n  paragraph 4.2.2.1, s h a l l  be ver i -  
f i e d  p r i o r  t o  cable i n s t a l l a t i o n .  V e r i f i c a t i o n  t h a t  o v e r a l l  
s h i e l d i n g  i n t e g r i t y  is maintained a f t e r  cable  i n s t a l l a t i o n  
s h a l l  be performed, where p r a c t i c a l .  
7.5.2.3 Calcula t ion  of Actual Trans ient  Levels.-  C i r c u i t s  of c r i t i c a l -  
i t y  l e v e l  1 and 2 s h a l l  be analyzed i n  accordance with Appen- 
d ix  D t o  determine t h e  t r a n s i e n t  l e v e l s  produced upon those  
c i r c u i t s  by l i gh tn ing .  This  a n a l y s i s  s h a l l  be made i n  suf-  
f i c i e n t  d e t a i l  t o  determine both t h e  different ial-mode and 
the  common-mode t r a n s i e n t s  upon both t h e  ground hardware and 
assoc ia ted  f l i g h t  hardware. 
7.5.2.4 Trans ient  Design Levels.- Trans ient  design l e v e l s  s h a l l  be 
e s t ab l i shed  f o r  a l l  ground hardware of c r i t i c a l i t y  l e v e l s  1 
and 2. These l e v e l s  should be determined by a n a l y s i s  of de- 
s i g n  da ta ,  using the  gu ide l ines  i n  Appendix D. The t r a n s i e n t  
design l e v e l s  s h a l l  inc lude  both common-mode and d i f f e r e n t i a l -  
mode in t e r f e rence .  Trans ient  design l e v e l s  should be estab-  
l i s h e d  fo r  equipment of c r i t i c a l i t y  l e v e l  3 ,  i f  a n a l y s i s  s o  
i n d i c a t e s .  
7.5.2.5 Trans ient  Proof Tests.-  On ground hardware of c r i t i c a l i t y  
l e v e l s  1 and 2, t r a n s i e n t  proof t e s t s  or  t r a n s i e n t  analyses 
s h a l l  be performed t o  demonstrate t h a t  t h e  a c t u a l  t r a n s i e n t  
l e v e l s  a re  lower than the  assigned t r a n s i e n t  design l e v e l s  
by t h e  margins given i n  Appendix D.  
7.5.2.6 Trans ient  Level Ver i f ica t ion . -  Provis ions  s h a l l  be made t o  
measure t h e  i n d i r e c t  e f f e c t s  of a c t u a l  l i gh tn ing  on represen- 
t a t i v e  c i r c u i t s  when ground hardware i s  connected t o  t h e  ve- 
h i c l e  during r o l l o u t  and on t h e  launch pad. These measure- 
ments a re  t o  be used f o r  eva lua t ing  t h e  equipment a c t u a l  
t r a n s i e n t  l e v e l s  previous ly  ca l cu la t ed  i n  accordance wi th  
paragraph 7.5.2.3. 
WEATHER RBSTRICTIONS 
To be determined. 
GLOSSARY OF TERMS 
Adverse e f f e c t s  Adverse e f f e c t s  a r e  defined as those condit ions t h a t  
damage equipment required f o r  s a f e  opera t ion  of t h e  
veh ic l e ;  causes malfunction o r  inadver ten t  opera t ion  
of equipment o r  systems requi red  fo r  continued s a f e  
opera t ion  of the  v e h i c l e ;  r equ i re s  immediate a c t i o n  
by the  crew t o  assess  and/or c o r r e c t  fo r  damage o r  
malfunction during time c r i t i c a l  f l i g h t  phases ( i . e . ,  
launch, ascent ,  atmospheric recovery,  approach, and 
landing through r o l l o u t ) ;  and causes e lec t romagnet ic  
coupling which annunciates f a u l t  s t a t u s  r equ i r ing  
crew assessment. 
Arc attachment The poin t  o r  po in t s  a t  which a l i gh tn ing  channel a t -  
po in t  taches t o  a m e t a l l i c  sur face .  
A i r  terminal  The combination of e l eva t ion  rod with t i p  or  po in t  
i f  used, and brace,  or  foot ing  placed on upper por- 
t i o n s  of s t r u c t u r e  t o  i n t e r c e p t  l i gh tn ing  s t rokes .  
Attenuat ion Reduction i n  magnitude of an e l e c t r i c  o r  magnetic 
f i e l d ,  a c u r r e n t ,  o r  a vo l t age  expressed i n  d e c i b e l s ,  
where 
a t t enua t ion  (dB) = 20 loglo  !h 
Q2 
Q = cur ren t  or  vol tage  
Bearing assembly A group of i nd iv idua l  bearings which support a s i n g l e  
movable s t r u c t u r e .  
Cable Any quan t i ty  of e l e c t r i c a l  wires  grouped together  t o  
form a s i n g l e  bundle. 
Cable ladder  o r  Refers  t o  s tandard support ing members f o r  s igna l  
cable  t r a y  and power cable  groups. 
Cable s h i e l d  Any m e t a l l i c  covering on a s i n g l e  (coaxia l )  o r  mul- 
t i p l e  conductor cable.  The s h i e l d  can take t h e  form 
of t inned or untinned copper b r a i d ,  wrapped f o i l  t ape ,  
or a lead jacket .  
Cone of p ro tec t ion  This  term r e f e r s  t o t h e  volume of a  cone i n  which ob- 
j e c t s  a r e  very unl ike ly  to  be s t r u c k  d i r e c t l y  by 
l i gh tn ing .  The cone of p ro tec t ion  of a  grounded a i r  
terminal  or  mast of conducting ma te r i a l  is the  space 
enclosed by a  cone, which has i ts  apex a t  the  h ighes t  
poin t  of the  a i r  te rminal  o r  mast and a  r ad ius  a t  t h e  
base which is a  funct ion  of t h e  mast he igh t .  A 1:l 
cone has a  base rad ius  equal  t o  i ts  h e i g h t ,  and a  
2 : l  cone has a  base r ad ius  equal  t o  twice i t s  he igh t .  
C r i t i c a l i t y  C r i t i c a l i t y  ca t egor i e s  a r e  defined a s  follows: 
category Category Def in i t i on  
Loss of l i f e  o r  v e h i c l e  
Loss of mission 
Al l  o ther  
Flash 
Margin 
The t o t a l  s e r i e s  of e l e c t r i c a l  and luminous e f f e c t s  
comprising a  s i n g l e  l i gh tn ing  phenomenon. Typica l ly ,  
the  dura t ion  of a  f l a s h  i s  s e v e r a l  t en ths  of a  sec- 
ond. 
The requi red  r a t i o ,  expressed i n  dB, between t h e  t ran-  
s i e n t  design l e v e l  and t h e  a c t u a l  t r a n s i e n t  l e v e l  which 
l i gh tn ing  i s  expected t o  produce on t h e  in terconnect ing  
wir ing .  
May For t h i s  document, may is used i n  t h e  permissive sense.  
Return s t roke  Any one of the  high c u r r e n t ,  b r i g h t l y  luminous, up- 
ward-moving surges ,  t h a t  occur during a  cloud-to- 
ground f l a s h .  Upward moving r e t u r n  s t rokes  a r e  pre- 
ceded by a  downward moving l eade r  s t reamer from cloud- 
to-ground. 
Sha l l  
Should 
Stroke 
For t h i s  document, s h a l l  i s  used i n  the  mandatory sense .  
For t h i s  document, should is used i n  the recommended 
sense .  
Any one of the  major e l e c t r i c a l  and luminous e f f e c t s ,  
the e n t i r e  s e r i e s  of which make up the  l i gh tn ing  
f l a s h .  Typ ica l ly ,  s t r o k e  dura t ion  is much l e s s  than 
a  mil l isecond.  Many authors  r e s t r i c t  t h e  term "stroke" 
t o  t h e  " r e tu rn  s t roke"  of the  cloud-to-ground f l a sh .  
Terminal equipment Any type of e l e c t r i c a l  equipment i n t e r f a c i n g  wi th  
an e l e c t r i c a l  conductor - any e l e c t r i c a l  conductor 
thus  i n t e r f a c e s  with two p ieces  of terminal  equip- 
ment, one a t  each end. 
Trans ient  design A l e v e l  a t  which a  t r a n s i e n t  proof t e s t  i s  made. The 
l e v e l  t r a n s i e n t  design l e v e l  s p e c i f i c a t i o n  inc ludes  t h e  am- 
p l i t u d e  a t  which the  t e s t  i s  made and the  frequency 
of an o s c i l l a t o r y  t r a n s i e n t ,  o r  t h e  time t o  the  c r e s t  
a s  w e l l  as  the decay of an exponent ia l  wave. 
Transient  proof A t e s t  i n  which cu r ren t  or  vo l t age  t r a n s i e n t s  a r e  in- 
t e s t  jec ted  i n t o  terminals  of e l e c t r i c a l  equipment t o  prove 
t h a t  adverse e f f e c t s  a r e  not encountered. 
APPENDIX A 
LIGHTNING MODELS 
The cu r ren t s  flowing i n  a  l i gh tn ing  f l a s h  t o  ground a r e  conveniently 
separated i n t o  th ree  ca tegor ies :  
a. Return s t r o k e  surges  Peak cu r ren t  on the order  of up t o  
100 000 A o r  more. 
Duration on the  order  of tens  of 
microseconds. 
b. In termedia te  cu r ren t s  Peak cu r ren t  on t h e  order  of up t o  
10 000 A or more. 
Duration on the order  of mil l iseconds 
c .  Continuing cu r ren t s  Peak cu r ren t  on the  order  of up t o  
1000 A. 
Duration on the  order  of hundreds of 
mi l l i seconds .  
Currents of types b and c a r e  p r i n c i p a l l y  respons ib le  f o r  damage such 
as hole-burning whi le  type a  cu r ren t s  mainly produce explosive e f f e c t s  
and undes i rab le  coupling t r a n s i e n t s .  
I n  genera l ,  the t i m e  s t r u c t u r e  of l i g h t n i n g  cu r ren t s  i s  l e s s  va r i -  
ab le  between ind iv idua l  f l a s h e s  than a r e  t h e  amplitudes. It fol lows t h a t  
severe l i g h t n i n g  models a r e  b e s t  developed f i r s t  i n  terms of amplitudes, 
with subsequent secondary adjustments t o  the  time s t r u c t u r e  i n  order  t o  
obta in  o v e r a l l  phys ica l  r e a l i t y .  Furthermore, t h e r e  i s  l i t t l e  connection 
wi th in  an i n d i v i d u a l  discharge between the s e v e r i t y  of the  th ree  cate-  
go r i e s  of c u r r e n t ;  i n  o ther  words, even i f  an i n i t i a l  return-stroke surge  
is seve re ,  t h i s  has minimal inf luence  on the  s e v e r i t y  of a  following con- 
t i nu ing  cu r ren t .  
The current- t ime h i s t o r y  f o r  a  model l i gh tn ing  f l a s h  t o  ground is 
shown diagrammatically i n  f igu re  A-1 wi th  some fu r the r  d e t a i l s  being pre- 
sented  i n  t a b l e  A-I .  The f l a s h  is a very seve re  discharge.  The model 
is formulated i n  terms of c e r t a i n  key po in t s  (A through I i n  f i g u r e  A-1) 
a t  which s p e c i f i c  values of cu r ren t ,  i , and time, t ,  a re  a t t a ined .  Be- 
tween' success ive  key po in t s  the  cu r ren t  i s  assumed to  change i n  a  s teady 
s t r a i g h t l i n e  f a sh ion  with time.* 
*This simple r ep resen ta t ion  l eads  t o  d i s c o n t i n u i t i e s  i n  t h e  r a t e  of 
change of cu r ren t  ( d i f d t ) .  However, when necessary - a s  i n  some computing 
work - these  d i s c o n t i n u i t i e s  a r e  e a s i l y  accomodated by var ious  mathemati- 
c a l  devices.  
The 'model c o n s i s t s  of s i x  cu r ren t  s t a g e s :  a  f i r s t  r e tu rn  s t r o k e  
inc lud ing  both a  main-current surge and an in termedia te  cu r ren t ;  a  con- 
t i nu ing  current  i n  two phases;  and a  second subsequent s t r o k e  aga in  com- 
p r i s i n g  a  main surge succeeded by an in termedia te  current, .  The contin- 
uing cur rent  i s  modeled i n  two phases because ma te r i a l  damage produced 
by continuing cu r ren t s  depends on a c t u a l  time and cu r ren t  va lues  (Appen- 
d i x  B ) ,  and i s  not  - as  is o f t e n  i n c o r r e c t l y  be l ieved  - a funct ion  of 
charge t r a n s f e r  alone.  It i s  poss ib l e  t h a t  s p e c i a l  types of damage could 
be produced by a subsequent s t r o k e  following a continuing c u r r e n t ;  hence 
t h e  a d d i t i o n  of the second s t r o k e .  
The model r ep resen t s  a  very seve re  f l a s h .  For in s t ance ,  t h e  f i r s t  
s t r o k e  involves a  peak cu r ren t  of 200 kA and a r a t e  of cur rent  r i s e  of 
100 kA/us; these  values a r e  exceeded, r e spec t ive ly ,  i n  some 0.7 percent  
and 2 percent  of t h e  f i r s t  s t rokes .  Also, the  charge t r a n s f e r  repre-  
sented  by the continuing cu r ren t s  i s  155 coulombs with an average cu r ren t  
of 700 A i n  the  i n i t i a l  phase; these  magnitudes a re  surpassed,  respec- 
t i v e l y ,  i n  0.5 percent  and 1 percent  of cont inuing cu r ren t s .  Again, a  
peak current  of 100 kA is only exceeded i n  0.7 percent  of subsequent 
s t rokes .  A f u r t h e r  important poin t  i s  t h a t  the  va lues  of many l igh tn ing  
parameters a re  not  interconnected.  Thus, i n  our model f l a s h ,  we have a  
f i r s t  s t r o k e  peak cu r ren t  of 200 kA, a t o t a l  charge t r a n s f e r  of 200 cou- 
lombs, and a  subsequent s t r o k e  peak cu r ren t  of 100 kA; s i n c e  these  t h r e e  
parameters a re  e s s e n t i a l l y  un re l a t ed ,  i t  follows t h a t  the t h r e e  spec i f i ed  
values a r e  all exceeded i n  the  same discharge f o r  l e s s  than one i n  one- 
hundred thousand f l a shes  t o  ground. 
The model is e s s e n t i a l l y  developed f o r  appl ied purposes and i t  has 
consequently been s impl i f i ed  appropr i a t e ly  i n  both the a n a l y t i c a l  and 
phys ica l  r e spec t s .  I n  phys ica l  r e a l i t y ,  a  severe  d ischarge  would have 
f a r  more s t rokes  and a l s o ,  more phases of cont inuing cu r ren t  than indi -  
ca ted  on f igu re  A-1; however, the  i n t e g r a t e d  e f f e c t s  of a  very seve re  
n a t u r a l  discharge and of the  model a r e  s i m i l a r .  
In t rac loud discharges a r e  l e s s  s eve re  than f l a s h e s  t o  ground l a r g e l y  
L,.-^..,.,. ^F ex- -,.---.- 
"I LL IS  a _ Y 3 ~ ~ l ~ ~  of t h e  l a rge  sudden recurn-scroke surges.  Thus, 
i f  ma te r i a l  and equipment a re  unaf fec ted  by t h e  seve re  ground-discharge 
model, ma te r i a l  and equipment w i l l  a l s o  be immune t o  in t r ac loud  f l a s h e s .  
Further information on the concepts advanced i n  t h i s  Appendix is  
summarized i n  two sources:  
1. Lightning (Mc~raw-Hill) by M. A. Uman (1969). 
2. "A Ground-Lightning Environment f o r  Engineering Usage" by 
N .  Cianos and E .  T. P i e rce ,  Stanford Research I n s t i t u t e  r epor t  
(1972). 
TABLE A-1.- DETAILS OF LIGHTNING MODEL 
S t a g e  
- 
1. F i r s t  r e t u r n  
s t r o k e  s u r g e  
2 .  F i r s t  s t r o k e  
i n t e r m e d i a t e  
c u r r e n t  
3.  Con t inu ing  
c u r r e n t  - 
f i r s t  phase  
4. Cont inuing 
c u r r e n t  - 
second phase  
5 .  Second r e t u r n  
s t r o k e  s u r g e  
6 .  Second s t r o k e  
i n t e r m e d i a t e  
c u r r e n t  
L 
Key p o i n t s  
t = O  i = O  
t = 2 u s  i = 200 kA 
t = 100 u s  i = 7 U  
t = 100 11s i = 7 k A  
t = 5 m s  i = l k A  
t = 5 m s  i = l U  
t = 5 5 m s  i = 400 A 
t = 55 ms i = 400 A 
t = 355 ms i = 400 A 
t = 355 ms i = 400 A 
t = 355.002 ms i = 100 kA 
t = 355.1 ms i = 3.5 kA 
t = 355.1 m s  i = 3.5.kA 
t = 360 ms i = 500 A 
Rate  of c u r r e n t  change 
L inea r  rise - 100 kA/us 
L inea r  f a l l  - 193  kA i n  98 u s  
L inea r  f a l l  - 6 kA i n  4 .9  ms 
L i n e a r  f a l l  - 600 A i n  50 m s  
Steady c u r r e n t  
L inea r  rise * 50 kA/us 
L inea r  f a l l  - 96.5 kA i n  98 us 
Linea r  f a l l  - 3 kA i n  4 . 9  ms 
1 
Charge p a s s i n g  
0.2 C 
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Continuing current F; I current 
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Figure A-1.- Diagrammatic representation of lightning model. 
(Note that the diagram is  not to scale.) 
APPENDIX B 
HEATING AND PUNCTURE OF METALLIC SURFACES BY LIGHTNING 
A t  and near the  po in t  ( c i r c u l a r  spot  on t h e  order  of 0.5 inch o r  l e s s  
i n  diameter) t h a t  l i gh tn ing  e n t e r s  o r  leaves  a  m e t a l l i c  su r face ,  energy 
is t r ans fe r r ed  t o  t h a t  metal.  The r e s u l t  i s  heated metal and poss ib l e  
puncture (burn or  melt-through) of t h e  metal.  I n  genera l ,  the  t h i c k e r  
the metal and the  higher i t s  e l e c t r i c a l  and thermal c o n d u c t i v i t i e s ,  the  
l e s s  severe the damage. Most hea t ing  e f f e c t s  a r e  due t o  l i gh tn ing  cur- 
r en t s  i n  the one-hundred t o  several-thousand ampere range with dura t ions  
of hundreds of mil l iseconds t o  a  few mi l l i seconds .  (The in termedia te  
and continuing current  phases of the  l i gh tn ing  model.) 
Analy t ica l  approaches t o  t h i s  hea t  t r a n s f e r  problem a r e  complicated 
by t h e  l ack  of knowledge on t h e  f r a c t i o n  of the  energy input  de l ive red  t o  
evaporation and s p u t t e r i n g ,  which may be l a r g e ,  and t h e  lack  of knowledge 
on the  thermal and e l e c t r i c a l  p r o p e r t i e s  of metals  a t  high temperatures.  
The b e s t  ava i l ab le  information on l ightning-metal  i n t e r a c t i o n s  has been 
obtained by labora tory  s imula t ion .  The r e s u l t s  of these  s t u d i e s  a r e  prob- 
ably i n d i c a t i v e  of more damage than would be produced by a c t u a l  l i g h t n i n g ,  
s i n c e  t h e  laboratory-arc con tac t  spot  is genera l ly  not  as  f r e e  t o  move on 
the  su r face  as  is the  a c t u a l  l i gh tn ing .  
Experimental da t a  due t o  Brick a r e  shown i n  Figures B-1 and B-2. 
Figure B-1 i n d i c a t e s  the  charge t r a n s f e r ,  the time f o r  t h a t  t r a n s f e r ,  
and the  s teady current  needed f o r  t h a t  charge t r a n s f e r  i n  order  t o  pro- 
duce a burn-through of aluminum shee t s  (back su r face  t o  660" C)  of va r i -  
ous thicknesses.  Figure B-2 g ives  charge, t ime, and current  t o  r a i s e  
the  back sur face  of t i tan ium t o  1320' C ( j e t - f u e l  i g n i t i o n  temperature) .  
The melt ing po in t  of t i tan ium is about 1700°C. 
Experience with commercial a i r c r a f t  and labora tory  s t u d i e s  have shown 
t h a t  windstream and electromagnetic  e f f e c t s  opera te  t o  move t h e  point-of- 
a r c  attachment.  This motion is g r e a t e r  fo r  some ma te r i a l s  than f o r  o the r s  
depending l a r g e l y  on su r face  p rope r t i e s .  Electrode conf igura t ions  may 
tend t o  render t h e  a r c  s t a t i o n a r y .  Usual ly,  however, the  windstream move- 
ment e f f e c t s  a re  dominant - except on t r a i l i n g  edges - so t h a t  "s t ick ing"  
times on conducting ma te r i a l  normally used on a i r c r a f t  a r e  of the  o r d e r  of 
a  mil l isecond.  For bare s k i n s ,  the  in termedia te  cur rent  phases a re  t h e  
most c r i t i c a l  i n  t h a t  they cause damage with minimum charge t r a n s f e r .  
Even with sweeping e f f e c t s ,  the  in termedia te  cur rent  can puncture t h i n  
sk ins  a t  low a i r  v e l o c i t i e s .  
Fur ther  information can be obtained from the  following sources: 
1. R .  0 .  Brick,  "A Method fo r  Es t ab l i sh ing  Lightning Resis tancelSkin 
Thickness Requirements f o r  Aircraf t" ,  USAF Avionics Labora tor ies ,  
Wright-Patterson AFB, Ohio, Proceedings,  1968 Lightning and S t a t i c  
E l e c t r i c i t y  Conference, December, 1968, M i a m i ,  F lor ida .  
2. R. 0. Brick,  L. L. Oh, S.  D.  Schneider ,  "The E f f e c t s  of Lightning 
Attachment Phenomena on A i r c r a f t  Design", USAF, Proceedings, 1970 
Lightning and S t a t i c  E l e c t r i c i t y  Conference, December, 1970, San 
Diego, Ca l i fo rn ia .  
3 .  R. H. Evans and J. P h i l l p o t t ,  "Lightning Simulat ion and Test ing i n  
Rela t ion  t o  Spec i f i ca t ion  MIL-B-5087", Proceedings, 1972 Lightning 
and S t a t i c  E l e c t r i c i t y  Conference, December 12 ,  1972, Las Vegas, 
Nevada. 
4. M. M. Newman, J. R. Stahmann, J.  D.  Robb, and T .  Ghen, "Lightning 
Discharge Sweeping E f f e c t s  on Current P i t t i n g  of A i r c r a f t  Skins", 
L&T Report No. 530, Apri l ,  1971; Lightning & Trans ients  Research 
I n s t i t u t e ,  S t .  Paul ,  Minnesota. 
5.  M. J. Kofoid, "Lightning Discharge Heating of Titanium A i r c r a f t  
Skins", Boeing S c i e n t i f i c  Research Labora tor ies ;  Document Dl-82-0752, 
September, 1968. 
6. K .  B. McEachron and J. H. Hayenguth, "Effect  of Lightning on Thin 
Metal Surfaces",  Transact ions AIEE 61, pages 559-564 (1942). 
7. P. L. B e l l a s c h i ,  "Lightning Strokes i n  F i e l d  and Laboratory III", 
Transac t ions  AIEE 60, pages 1248-1256 (1941). 
Figure B-1.- Aluminum sk in  puncture threshold 
Time to 1320°C hot spot threshold, seconds 
Figure B-2.- Titanium hot S D D ~  threshold 
APPENDIX C 
TRANSIENT PROTECTIVE DEVICES 
Trans ient  p r o t e c t i v e  devices o f f e r  the p o s s i b i l i t y  of improving the  
a b i l i t y  of a system t o  withstand the  electromagnetic  e f f e c t s  of l i g h t n i n g .  
There a r e  two b a s i c  types of overvoltage o r  t r a n s i e n t  p r o t e c t i o n  de- 
v i c e s ,  those which on sens ing  an overvoltage switch t o  a low impedance 
s t a t e  and thus  cause the  impressed vol tage  across  them t o  co l l apse  t o  a 
low value ,  and those which on sensing an overvoltage tend,  by v i r t u e  of 
t h e i r  non-linear vol tage-current  r e l a t i o n ,  t o  maintain the vol tage  a t  
t h a t  l e v e l ,  bu t  do not  co l l apse  the  vol tage.  Examples of t h e  f i r s t  type 
a r e  spark gaps and arc ing  d i e l e c t r i c s .  Examples of t h e  second type a r e  
Zener diodes and v a r i s t o r s .  There a r e  a l so  devices ,  which on sens ing  an 
overvoltage,  i n t e r r u p t  t h e  power flow t o  the  load.  I f  t h i s  i n t e r r u p t i o n  
i s  accomplished by electromechanical  means, they should not  be considered 
t r a n s i e n t  p r o t e c t i o n  devices because they a r e  inhe ren t ly  slow t o  respond. 
Switching devices inhe ren t ly  o f f e r  g r e a t e r  surge power handling capa- 
b i l i t y  than do the  Zener or  v a r i s t o r  types of devices.  The instantaneous 
power d i s s ipa ted  i n  a t r a n s i e n t  p ro tec t ive  device i s  t h e  product of the  
surge cu r ren t  flowing through the  device and the  vol tage  across  t h e  device 
For a cons tant  surge cu r ren t ,  a switching device,  l i k e  a spark  gap across  
which t h e  vo l t age  i s  low while  i n  the conducting s t a t e ,  w i l l  have l e s s  
power r e l eased  i n  i t  than a device l i k e  a Zener diode across  which t h e  
surge vo l t age  remains high. For a given surge power handling c a p a b i l i t y ,  
a spark gap w i l l  thus  be smaller  phys ica l ly  than a Zener diode o r  va r i s -  
t o r  device. 
Another fundamental d i f f e r e n c e  between switching devices (spark gaps) 
and non-switching devices (Zener diodes or  v a r i s t o r s )  r e l a t e s  t o  t h e i r  re- 
covery c h a r a c t e r i s t i c s  a f t e r  the surge has passed. I f  a l i n e  i s  p ro tec t ed  
by a spark gap and i f  t h a t  l i n e  i s  connected t o  a source of energy ( a  powe 
bus,  f o r  example), t h a t  energy source must be disconnected from t h e  l i n e  
before  the  spark gap can switch back from i ts  low impedance conducting 
s t a t e  t o  i t s  high impedance non-conducting s t a t e .  General ly,  t h i s  re- 
qu i r e s  opening a c i r c u i t  breaker  on t h e  l i n e .  A Zener diode o r  v a r i s t o r  
e f f e c t i v e l y  ceases t o  conduct as  soon as t h e  vol tage  r e t u r n s  t o  i t s  nor- 
mal value.  Operation of remote c i r c u i t  breakers  i s  not  requi red .  Tran- 
s i e n t  p r o t e c t i v e  devices a r e  not a panacea. However, a l l  types of over- 
vol tage  p ro tec t ion  devices inhe ren t ly  operate  by r e f l e c t i n g  a po r t ion  of 
the  surge  energy t o  i ts  source and by d ive r t ing  the  r e s t  i n t o  another 
pa th ,  a l l  w i th  the i n t e n t i o n  of d i s s i p a t i n g  the  surge energy i n  t h e  re-  
s i s t a n c e  of t h e  ground and i n  t h e  in terconnect ing  loads.  The a l t e r n a t i v e  
t o  r e f l e c t i n g  t h e  energy i s  t o  absorb the  surge energy i n  an unprotected 
load.  Ref lec t ion  and d ive r s ion  of t h e  surge energy a r e  not  without  t h e i r  
hazards. 
a .  The r e f l e c t e d  energy can poss ib ly  appear on oeher unprotected 
c i r c u i t s .  
b .  Mult iple  r e f l e c t i o n s  may cause the  t r a n s i e n t  t o  l a s t  longer  
than i t  would otherwise.  
c. The s p e c t r a l  dens i ty  of t h e  energy may be changed, with e i t h e r  
high o r  low frequencies  being enhanced. In t e r f e rence  problems on o t h e r  
c i r c u i t s  may w e l l  be enhanced even though t h e  r i s k  of damage t o  the  pro- 
t e c t e d  c i r c u i t  is reduced. 
Most commonly, the  type of t r a n s i e n t  p r o t e c t i v e  device t o  be used 
depends on t h e  amount of surge  energy t o  be r e f l e c t e d .  Generally,  t h i s  
energy decreases t h e  f u r t h e r  away one g e t s  from t h e  s t roke .  The surge  
energy t o  be expected can a l so  be r e l a t e d  crudely t o  the  normal opera- 
t i n g  power of the c i r c u i t  involved. One would normally expect  lower 
surge  l e v e l s  on low-voltage s i g n a l  c i r c u i t s  than on medium power c o n t r o l  
c i r c u i t s  and even l e s s  than on main power d i s t r i b u t i o n  busses.  One might 
thus  l o g i c a l l y  use Zener diodes on ind iv idua l  c i r c u i t  boards,  v a r i s t o r s  
on te rminal  boards,  and spark  gaps on l eads  running t o  prime en t ry  and 
e x i t  po in t s .  
A summary of the  advantages and disadvantages of t h e  va r ious  t ran-  
s i e n t  p r o t e c t i v e  devices i s  given i n  t a b l e  C-1 .  
Fur ther  information can be obtained from the  fol lowing sources: 
1. E .  G .  Arrowsmith, "Lightning Discharges and Your Equipment," The 
E lec t ron ic  Engineer,  October 1966. 
2. R .  E .  Buies,  F. A. F i she r ,  "Techniques and Devices f o r  t h e  P ro tec t ion  
of E l e c t r i c a l  and E lec t ron ic  C i r c u i t s  from Lightning Trans ients , "  
General E l e c t r i c  Company, Contract  No. AF29(601)-5402, June 1963. 
3. G.  E.  Morgan, V. A. Bascou, W .  H. Cordova e t  a l . ,  "Final  Report on 
the  Evaluat ion of Surge P r o t e c t i v e  Devices f o r  EMP Hardening Applica- 
t i o n s , "  Autonet ics ,  North American Rockwell, C72-7121201, Contract  
No. F29601-72-C-0028, December 1972. 
TABLE C-1.- COMPARISONS AMONG VARIOUS TYPES OF TRANSIENT PROTECTIVE DEVICES 
Remarks 
General ly  c o n s i s t s  
of two metal e l ec -  
t rodes  sepa ra ted  by 
a i r  w i t h  a minimum 
spark  over vo l t age  
of 1500 t o  3000 V. 
Neon bulb is t y p i c a l  
example. 
Can be used t o  c l i p  
a su rge  v o l t a g e  and 
limit t h e  su rge  t o  
t h e  Zener vo l t age .  
Well adapted t o  semi- 
conductor p r o t e c t i o n .  
Includes  s t andard  
germanium and s i l i c o n  
diodes .  
Can be used a s  a one- 
p o l a r i t y  spa rk  gap t o  
prevent  su rges .  
More adap tab le  t o  
t e rmina l  boards ,  d i s -  
t r i b u t i o n  p a n e l s ,  and 
p r i n t e d  c i r c u i t s .  Zinc 
oxide types  have b e e t  
o v e r a l l  performance. 
Disadvantages 
R e l a t i v e l y  h igh  spa rk  avervol tage.  
Arc must be ext inguished by remav- 
i n g  vol tage.  Seldom a v a i l a b l e  i n  
convenient ly  packaged assemblies ;  
must be designed f o r  each s p e c i f i c  
Use. 
Poor v o l t l t i m e  c h a r a c t e r i s t i c s .  
W i l l  cont inue t o  conduct i f  d r iv -  
ing  vo l t age  is  above 60 t o  100 V. 
Expensive. Not b i l a t e r a l .  Voltage 
ac ross  diode does no t  swi tch  t o  low 
va lue  when conducting, b u t  remains 
a t  Zener vo l t age .  Not a v a i l a b l e  
f a r  vo l t ages  below about 5 V. Nor- 
mally no t  a v a i l a b l e  f o r  vo l t ages  
above a few hundred v o l t s .  
Not b i l a t e r a l .  Conduction may occur 
a t  normal s i g n a l  l e v e l s  wi th  pos- 
s i b i l i t y  of c l i p p i n g  and frequency 
m u l t i p l i c a t i o n  e f f e c t s .  R e l a t i v e l y  
h igh  capaci tance.  
Must be t r i g g e r e d  by an a u x i l i a r y  
c i r c u i t .  Does no t  r e s e t  autamatic- 
a l l y .  Not b i l a t e r a l .  Expensive. 
May have h igh  capaci tance.  Cannot 
b e  clamped a t  lower vo l t ages .  Not 
a v a i l a b l e  w i t h  r a t i n g s  as lw as 





Fa w a r d -  
conducting 
diodes  
S i l i con-  
con t ro l l ed  
r e c t i f i e r s  
V a r i s t o r s  
Advan cages 
Simple and r e l i a b l e .  Eas i ly  ' 
f a b r i c a t e d .  Very law vo l t age  
drop dur ing conducting s t a t e .  
B i l a t e r a l  ope ra t ion  - same 
c h a r a c t e r i s t i c s  on e i t h e r  
p o l a r i t y .  
LOW cos t .  Small s i z e .  Law 
spa rk  overvol tage (usua l ly  
60 t o  100 V). Can pass  h i g h  
cu r ren t  f o r  s h o r t  times. 
Self-healing. 
Small slze. E a s i l y  mounted. 
Low f i r i n g  vol tage.  Low 
dynamic impedance when con- 
duct ing.  Self -ext inguishing 
when app l i ed  vo l t age  drops 
below Zener l e v e l ,  conduction 
ceases. 
Small s i z e .  Law c o s t .  Pro- 
v ides  p r o t e c t i o n  a t  very low 
vo l t age  l e v e l s .  Good surge- 
c u r r e n t  r a t i n g s .  
Excel lent  surge-current r a t i n g .  
Low vo l t age  drop when conducting. 
S u i t a b l e  f a r  low vo l t age  c i r c u i t s .  
Low cost.  Small s i z e .  P a s s  higher  
cu r ren t  than Zener d iodes .  Se l f  
ext inguishing.  May be b i l a t e r a l  
devices .  Operate a t  e i t h e r  polar-  
i t y .  
APPENDIX D 
TRANSIENT LEVELS 
Ver i f i ca t ion  of the  a b i l i t y  of equipment t o  withstand the i n d i r e c t  
e f f e c t s  of l i gh tn ing  w i l l  be provided through the  assignment of a  s e r i e s  
of t r a n s i e n t  design l e v e l s  and t h e  implementation of a  s e r i e s  of t r a n s i e n t  
proof t e s t s  conducted a t  t r a n s i e n t  t e s t  l e v e l s  which w i l l  genera l ly  be, 
but  need not  be,  i d e n t i c a l  t o  t h e  t r a n s i e n t  design l e v e l s .  
The t r a n s i e n t  proof test i s  a t e s t  wherein cu r ren t s ,  vo l t ages ,  or  
both,  a r e  i n j e c t e d  i n t o  t h e  i n t e r f a c e  terminals  of avionics  equipment. 
The l e v e l s  a t  which the  proof t e s t  is  conducted and the t r a n s i e n t  l e v e l s  
t o  which t h e  equipment i s  designed must be appropr ia te  f o r  both the  type 
of equipment under t e s t  and t h e  electromagnetic  environment t o  which the  
equipment and wir ing is exposed. 
Compliance with the  terms of t h i s  document w i l l  be assumed, i f  the 
a c t u a l  t r a n s i e n t s  on i n t e r f a c i n g  cables  a r e  shown by a n a l y s i s  o r  t e s t  t o  
be lower, by a  s p e c i f i e d  margin, than the  t r a n s i e n t  test l e v e l  a t  which 
t h e  t r a n s i e n t  proof t e s t  was made or t h e  t r a n s i e n t  l e v e l  t o  which the  
equipment was designed. 
Trans ient  Design Levels 
Trans ient  design l e v e l s  w i l l  be d i f f e r e n t  f o r  d i f f e r e n t  types of 
equipment, and w i l l  be based on l e v e l s  a t  which avionics  equipment can 
be reasonable expected t o  su rv ive .  It would, fo r  example, be u n r e a l i s t i c  
t o  p lace  t h e  same t r a n s i e n t  design l e v e l  on a  solenoid-operated ac tua to r  
and a  d i g i t a l  con t ro l  u n i t .  To do so would probably r equ i re  e i t h e r  un- 
necessary s h i e l d i n g  of the  wir ing t o  t h e  ac tua to r ,  o r  r equ i re  unneces- 
s a r i l y  complex p r o t e c t i v e  c i r c u i t s  i n  the  con t ro l  u n i t .  
Determining a  r e a l i s t i c  l e v e l  f o r  d i f f e r e n t  types of equipment may 
involve t e s t  programs t o  determine a c t u a l  s u s c e p t i b i l i t y  l e v e l s .  I f  such 
s u s c e p t i b i l i t y  l e v e l s  have been determined, a  t r a n s i e n t  design l e v e l  of 
a lower amplitude should be s p e c i f i e d .  An es t imate  should be made of the  
d i f f e rence  between t h e  a c t u a l  s u s c e p t i b i l i t y  l e v e l  and the  assigned tran-  
s i e n t  design l e v e l ,  s i n c e  t h i s  d i f f e r e n c e  w i l l  be one of t h e  f a c t o r s  de- 
termining t h e  u l t ima te  margin requi red  during the v e r i f i c a t i o n  program. 
I f  no measured s u s c e p t i b i l i t y  l e v e l s  a r e  known, i t  may be poss ib l e  
t o  es t imate  a  s u s c e p t i b i l i t y  l e v e l  and from t h a t  determine an appropr ia te  
t r a n s i e n t  design l eve l .  I n  such a  case ,  t h e  d i f f e rence  between the e s t i -  
mated s u s c e p t i b i l i t y  l e v e l  and t h e  assigned t r a n s i e n t  design l e v e l  should 
be g r e a t e r  than i f  t h e  s e l e c t i o n  were based on measured s u s c e p t i b i l i t y  
l e v e l s .  I n  o the r  cases ,  no information on s u s c e p t i b i l i t y  l e v e l s  may be 
a v a i l a b l e ,  and thus ,  i t  w i l l  be necessary t o  a r b i t r a r i l y  ass ign  a  t ran-  
s i e n t  design l e v e l .  
Transient  Test  Waveforms 
The most commonly used type of t r a n s i e n t  t e s t  waveforms w i l l  be of 
a  damped o s c i l l a t o r y  na tu re ,  as  is  shown i n  the  a  p o r t i o n  of f i g u r e  7-1. 
An a l t e r n a t i v e  waveform i s  an overdamped o r  exponent ia l  t r a n s i e n t ,  as  is 
shown i n  the  b po r t ion  of f i g u r e  7-1. I f  an exponent ia l  t r a n s i e n t  i s  
coupled i n t o  the  c i r c u i t  under t e s t  by t ransformer coupling,  t he re  w i l l  
i nev i t ab ly  be a  backswing. The amplitude and dura t ion  of t h i s  backswing 
may be l e f t  uncontrol led provided t h a t  t h e  amplitude of the  backswing i s  
l e s s  than 25 percent  of t h e  amplitude of the  main pulse .  
Margins 
I n  each case ,  a  margin s h a l l  be s p e c i f i e d  between t h e  t r a n s i e n t  de- 
s i g n  l e v e l  and the  a c t u a l  t r a n s i e n t  l e v e l  permit ted by t h e  cable  system. 
The d e f i n i t i o n  of margin s h a l l  be: 
Trans ient  design l e v e l  Margin = (dec ibe l  or  dB) = 20 log10 Actual t r a n s i e n t  l e v e l  
The requi red  margin w i l l  be a  funct ion  of t h e  c r i t i c a l i t y  of the  
p a r t i c u l a r  c i r c u i t  and the  degree of unce r t a in ty  i n  the analyses of ac- 
t u a l  t r a n s i e n t  l e v e l s  and t r a n s i e n t  design l e v e l s .  The required margin 
w i l l  be g r e a t e r :  
a. For t h e  more c r i t i c a l  c i r c u i t s .  
b. For t h a t  equipment i n  which the  a c t u a l  performance of a  t ran-  
s i e n t  proof t e s t  is waived. 
C. R"'. +hnco -.."-- -irn..i+- - ..hr.. wLIIC.h the  c a l c i l a t i o n  of a c t u a l  t r a n s i e n t  
l e v e l s  i s  the  l e a s t  p rec i se .  
The required margins may be ca l cu la t ed  by the  formula: 
Margin (expressed i n  dB = X + Y + Z . . . . . . . . . . . . . . 1 )  
Where X = A f a c t o r  depending on the  c r i t i c a l i t y  of t h e  c i r c u i t  
Y = A f a c t o r  r e l a t i n g  t o  the  e x t e n t  t o  which a c t u a l  suscept i -  
b i l i t y  i s  known i n  terms of t h e  assigned t r a n s i e n t  design 
l e v e l .  
Z = A f a c t o r  r e l a t i n g  t o  the  degree t o  which t h e  a c t u a l  t ran-  
s i e n t  l e v e l  is  known. 
X or  C r i t i c a l i t y  Factor 
C r i t i c a l i t y  l e v e l  1 X = 6 d B  
C r i t i c a l i t y  l e v e l  2 X = 3 d B  
C r i t i c a l i t y  l e v e l  3 X = O d B  
Y o r  S u s c e p t i b i l i t y  Factor 
Difference between assigned t r a n s i e n t  Y = 6 dB minus a c t u a l  value 
design l e v e l  and s u s c e p t i b i l i t y  l e v e l  expressed i n  dB 
known by a c t u a l  t e s t  
Difference between assigned t r a n s i e n t  Y = 6 dB minus one-half es- 
design l e v e l  and s u s c e p t i b i l i t y  l e v e l  t imated value expressed 
est imated by a n a l y s i s  i n  dB 
Trans ient  design l e v e l  assigned Y = 6 d B  
a r b i t r a r i l y  - a c t u a l  s u s c e p t i b i l i t y  
l e v e l  unknown 
Dif ference  known from s u s c e p t i b i l i t y  Y = 9 dB minus a c t u a l  value 
t e s t i n g ,  but  t r a n s i e n t  proof t e s t  expressed i n  dB 
waived 
Difference es t imated ,  but t r a n s i e n t  Y = 9 dB minus one-half es- 
proof t e s t  waived timated value expressed 
i n  dB 
Trans ient  design l e v e l  assigned Y = 9 d B  
a r b i t r a r i l y ,  a c t u a l  s u s c e p t i b i l i t y  
l e v e l  unknown, t r a n s i e n t  proof 
t e s t  waived 
Z or  Trans ient  Level Factor 
Trans ient  l e v e l s  est imated only Z = 6 d B  
from da ta  given i n  Appendix F 
Trans ient  l e v e l s  est imated from Z = 3 d B  
d e t a i l e d  a n a l y s i s ,  ana lys i s  not  
reviewed by Lightning P ro tec t ion  
Committee 
Trans ient  l e v e l s  est imated from Z = O d B  
d e t a i l e d  a n a l y s i s ,  a n a l y s i s .  
reviewed and approved by 
Lightning P r o t e c t i o n  Committee 
Trans ient  l e v e l s  known from low Z = -3 dB 
l e v e l  i n j e c t e d  cu r ren t  t e s t s  
with r e s u l t s  s ca l ed  t o  f u l l  
l i g h t n i n g  cu r ren t  l e v e l  
Trans ient  l e v e l s  known from f u l l  Z = -6 dB 
s c a l e  i n j e c t e d  cu r ren t  t e s t s  
Trans ient  design l e v e l s  may be assigned i n  terms of e i t h e r  open- 
c i r c u i t  vo l t ages  or  s h o r t - c i r c u i t  cu r ren t ,  as de l ivered  from sources 
having r e a l i s t i c  vo l t age ,  energy, and i n t e r n a l  impedance l e v e l s .  I n  
some cases ,  e i t h e r  a vol tage  or  cu r ren t  t e s t  may be inappropr ia te .  A 
t e s t  s p e c i f i c a t i o n  t h a t  c a l l s  f o r  an i n j e c t e d  cur rent  of 10  amperes to  
be applied t o  a  c i r c u i t  terminated i n  a  high impedance (open r e l a y  con- 
t a c t ,  induct ive  so lenoid  c o i l ,  o r  emit ter-fol lower c i r c u i t )  would c l e a r l y  
be inappropr ia te .  General ly,  a  c u r r e n t  t e s t  w i l l  be most appropr ia te  f o r  
e l e c t r o n i c  c i r c u i t s ,  and a  vol tage  t e s t  most appropr ia te  f o r  induct ive  
apparatus,  t ransformers ,  motors, so lenoids ,  e t c .  I f  the  apparatus is 
p ro tec t ed  by a  surge p r o t e c t i v e  device ,  a  combined vo l t age  and cu r ren t  
t e s t  is appropr ia te ;  a  vol tage  test t o  demonstrate the vol tage- l imi t ing  
c h a r a c t e r i s t i c s  and a  cu r ren t  test t o  demonstrate t h e  a b i l i t y  t o  handle 
the  surge energy. 
Actual T rans i en t  Levels 
The ca l cu la t ion  of a c t u a l  t r a n s i e n t  l e v e l s  t h a t  w i l l  appear on cable  
systems i s  a t a sk  of s u f f i c i e n t  complexity as to  be beyond the scope of 
t h i s  document. One approach t o  determinat ion of these  a c t u a l  t r a n s i e n t s  
is given i n  Appe'ndix F. 
. . 
: .  
: ., ' 
Methods of Cnnducting Tes t s  
Fundamental t o  t h e  conduct of a  t r a n s i e n t  proof t e s t  must be t h e  un- 
derstanding t h a t  the  t r a n s i e n t  genera tors  used t o  i n j e c t  t r a n s i e n t s  i n t o  
terminals  of apparatus must i n j e c t  reasonable amounts of power i n t o  those  
terminals .  This  impl ies  t h a t  genera tors  must employ vol tage  and stored-  
energy l e v e l s  and have i n t e r n a l  impedances appropr ia te  t o  the  vo l t age ,  
c u r r e n t ,  and energy l e v e l s  t h a t  l i g h t n i n g  w i l l  produce on t h e  cable  sys- 
t e m s .  
Most commonly, the  t r a n s i e n t  proof t e s t  w i l l  be performed on a 
common mode o r  line-to-ground b a s i s  and on a complete cable  harness.  . I n  
such a case ,  the t r a n s i e n t  proof test may be made using a transformer- 
coupling technique as  shown on f i g u r e  D-1. 
I n  some cases ,  it w i l l  be d e s i r a b l e  t o  i n j e c t  vol tages  on a l ine-to-  
l i n e  bas i s .  This  may be done using t h e  technique shown on f igu re  D-2. 
Transient  proof t e s t s  may a l s o  be performed by d i r e c t l y  i n s e r t i n g  cu r ren t  
i n t o  the  cable  s h i e l d s .  Deta i led  development of t e s t  techniques i s  be- 
yond the scope of t h i s  document. Sample work s h e e t s  f o r  the assignment 
of t r a n s i e n t  l e v e l s  and margins a r e  shown i n  f i g u r e s  D-3 and D-4. 
Pulse 
generator 
Load I ~ o x  Equipment under test 
Monitoring I I oscilloscope 
(a) Injected current -
Pulse 
Equipment under test 
oscil loscope 
(b) lnjected voltage - common mode 
Figure D-1.- Transformer injection of transients. 




Figure D-2.- Transformer injected transient voltage - l ine to line. 
Figure 0-3.- Sample summary sheet of transient levels and verification. 
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TYPE OF TERMINALS UNDER TEST 
EQUIPMENT MOST SUSCEPTABLE TO: 
TYPE OF TEST TO B E  MADE (Check as appropriate) 
Voltage Common mode Oscillatory 
Current Line-to-line Exponential 
TI = Assigned level 
T2 = Design I7 
Test 0 
CALCULATION OF REQUIRED MARGINS (Check as appropriate) 
Crit icality l ( X = 6 d ~ ) u  2 ( X = 3 d B ) D  3(X=OdB) 
Susceptability factor (Y) 
Known by test (Y = 6dBminus actual value) 
Known by analysis (Y = 6dBminus one-half estimated value) 
Unknown (Y = 6dB) 
Transient proof test waived 
NO (OdB) 
YES (Add 3dB to value of Y) 6 
Actual transient level factor (Z) 
Estimated from appendix F (Z = 6dlB) 
Known by analysis (Z = 3dB) 
Known by analysis plus review (Z = OdB) 
Low level surge test (Z = -3dB) 
High level surge test (Z = 6dB) 
Require margin X + Y + Z = 
Figure D-4. - Sample work sheet for transient level assignments. 
APPENDIX E 
TEST WAVEFORMS DESCRIPTIONS 
A severe  l i gh tn ing  cu r ren t  waveform model has been defined f o r  t h e  
Space S h u t t l e  as  a design requirement and included i n  Appendix A of t h i s  
document. The reproduction of t h i s  complete waveform would be expensive 
and d i f f i c u l t  and the re fo re ,  some s impl i f i ed  t e s t  waveforms a r e  prescribed 
f o r  demonstrating compliance wi th  the severe model requirements. These 
waveforms a r e  based pr imar i ly  on s tandard p r a c t i c e  a t  a i r c r a f t  l i gh tn ing  
l abora to r i e s .  The waveforms have to lerances  t h a t  a r e  i n t e n t i o n a l l y  broad 
s o  t h a t  more than j u s t  a few l a b o r a t o r i e s  can produce them. They do rep- 
resent  moderate t o  severe  l i g h t n i n g  e f f e c t s .  
For t e s t  purposes, a n a t u r a l  l i gh tn ing  discharge may be a r b i t r a r i l y  
divided i n t o  high-, intermediate- ,  and low-current components, and high 
current  ra te -of - r i se ,  a l l  of which have d i f f e r e n t  damage e f f e c t s .  Each 
p a r t  of an aerospace veh ic l e  may be vulnerable  t o  one o r  more s p e c i f i c  
l i gh tn ing  cur rent  components. High-voltage waveforms a r e  used t o  check 
d i e l e c t r i c  puncture and attachment poin ts .  
The vol tage  and current  t e s t  waveforms a re  generated by using capac- 
i t o r  banks i n  var ious  s e r i e s  and p a r a l l e l  combinations. Most of the  e f -  
f e c t s  of l i gh tn ing  a r e  reproduced by these  waveforms. 
The t e s t  waveforms, i l l u s t r a t e d  i n  f i g u r e  7-1 ,  a r e  i n  genera l  t e r m .  
Spec i f i c  waveforms app l i cab le  t o  t h e  var ious  phases of the t e s t  program 
include : 
F u l l  Sca le  Test ing 
To ta l  veh ic l e  t e s t  phases (pr imar i ly  f o r  assessment of i n d i r e c t  
e f f e c t s ) .  
a .  Fast  wave - A damped o s c i l l a t o r y  waveform ( f i g .  7-1) a t  a f r e -  
quency, f ,  of 100 (+50 ~ e r c e n t )  k i l o h e r t z  with an amplitude, A ,  of 10  
( ? lo  percent )  kiloamperes. This  component, p a r t i c u l a r l y  wi th  i ts  f r o n t  
of wave f i r i n g  t r a n s i e n t s ,  s imula tes  the  higher  frequency components i n  
the l i gh tn ing  discharge high cu r ren t  r e tu rn  s t roke .  
b. Slow wave - A damped o s c i l l a t o r y  waveform ( f i g .  7-1) a t  a f r e -  
quency, f ,  of 2 (?50 percent )  k i l o h e r t z  with an amplitude, A,  of 20 
(210 percent )  kiloamperes.  This  component s imula tes  the  lower frequency 
components i n  the  l i gh tn ing  discharge.  
c. Un id i r ec t iona l  wave - A genera l ly  exponent ia l  waveform ( f ig .  7-1) 
t h a t  most c lose ly  s imula tes  a  n a t u r a l  l i gh tn ing  s t r o k e  waveform, wi th  a  
v i r t u a l  f r o n t  t ime,  t l ,  of 2 (t.50 percent )  microseconds and a time t o  
50 percent  of c r e s t  on t h e  t a i l ,  t 2 ,  of 50 ('50 percent )  microseconds, 
with an amplitude, A ,  of 100 amperes o r  g r e a t e r .  Induced vol tages  re- 
s u l t i n g  from t h i s  waveform must be ex t rapola ted  t o  f u l l  t h r e a t  l e v e l s .  
Component Tes t ing  
a .  High cu r ren t  ra te -of - r i se  ( fo r  assessment of i n d i r e c t  e f f e c t s )  - 
A damped o s c i l l a t o r y  waveform ( f i g .  7-1) a t  a  frequency,  f ,  of 250 (f20 
percent )  k i l o h e r t z  wi th  an average ra te -of - r i se  during the f i r s t  q u a r t e r  
cyc le  of 100 000 ( i50  percent )  amperes per  microsecond. 
b .  High cu r ren t  ( f o r  such d i r e c t  e f f e c t s  as sparking,  magnetic f o r c e ,  
shock wave, and f o r  assessment of i n d i r e c t  e f f e c t s )  - A damped o s c i l l a t o r y  
waveform ( f i g .  7-1) wi th  a  frequency, f ,  of 1 0  (f50 percent )  k i l o h e r t z ,  
and an amplitude, A ,  of 200 000 ( i10  percent )  amperes, except when s t r o k e  
sweeping e f f e c t s  prec lude  the  p r o b a b i l i t y  of more than one s t r o k e  enter -  
ing  a t  one p l ace ,  i n  which case ,  the  cu r ren t  beyond the  f i r s t  h a l f  cyc le  
may be de le t ed .  
c.  Intermediate  cu r ren t  ( fo r  such d i r e c t  e f f e c t s  a s  slow pressure  
buildup and metal  s k i n  puncture) - An exponent ia l  waveform ( f i g .  7-1) 
wi th  an amplitude, A ,  of 5000 ( i 1 0  percent )  amperes and 1 by 3 ( i30  per- 
cent )  mil l isecond waveform ( t l  = 1 mill isecond and t 2  = 3 mil l i seconds) .  
d. Long-duration continuing cu r ren t s  ( fo r  d i r e c t  sk in  puncture e f -  
f e c t s )  - A rec tangular  waveform (not i l l u s t r a t e d )  a t  400 (t.10 percent )  
amperes dc with a  du ra t ion  of 0.4 (210 percent )  second. 
e .  A high-voltage waveform ( f o r  such d i r e c t  e f f e c t s  a s  d i e l e c t r i c  
puncture and a r c  attachment s t u d i e s )  appl ied a t  a rate-of-r ise  of 1000 kV 
per  microsecond (+50 percent )  across  an a i r  gap s e t  s o  t h a t  f lashover  t o  
the t e s t  p iece  occurs  on the  wavefront. This  waveform would be s i m i l a r  
t o  t h a t  shown i n  t h e  b p o r t i o n  of f i g u r e  7-1, but probably l imi t ed  by di- 
e l e c t r i c  breakdown p r i o r  t o  t ime t l .  
The t e s t  waveform would be used f o r  t h e  e f f e c t s  described i n  the  
parentheses.  
Deviat ions o r  i n t e r p r e t a t i o n s  should be r e f e r r e d  t o  the  Lightning 
P ro tec t ion  Committee. 
Low Level Component and Subsystem Level Test ing 
Currents  and vo l t ages  induced i n  cables  may be e i t h e r  of a damped 
o s c i l l a t o r y  na ture ,  s i m i l a r  t o  t h a t  shown i n  the  a por t ion  of f i g u r e  7-1, 
or  of an exponent ia l  na tu re ,  s i m i l a r  t o  t h a t  shown i n  the  b po r t ion  of 
f igu re  7-1. Tes t  cu r ren t s  and vol tages  induced i n t o  cables  by t ransformer 
coupling techniques w i l l  gene ra l ly  include a backswing. The backswing may 
genera l ly  be ignored i f  i ts  amplitude is l e s s  than 25 percent  of the  i n i -  
t i a l  amplitude. The choice of waveform and def in ing  parameters of the  
waveform must be made a s  p a r t  of t h e  process of ass igning  t r a n s i e n t  de- 
s ign  l e v e l s  and the  conduct of t r a n s i e n t  proof t e s t s .  
OTHER WAVEFORM DEFINITIONS 
Some terms f requent ly  used i n  re ference  t o  simulated l i gh tn ing  t e s t  
waveforms follow. These a r e  excerp ts  from the  USA and IEEE Standard 
I t  Techniques f o r  D i e l e c t r i c  Tes ts . "  USA.Cb8.1 and IEEE No. 4 de f ine  wave- 
form parameters f o r  the  l a s t  t h r e e  non-osc i l la tory  components. The para- 
graph numbers r e f e r  t o  t h e  USA and IEEE document numbers. 
Impulse Currents  
5B.1.3 V i r t u a l  Front Time. The v i r t u a l  f ron t  time t l  i s  defined as  
1.25 times the  i n t e r v a l  between the  i n s t a n t s  when t h e  impulse 
cu r ren t  is 10 percent  and 90 percent  of the peak value. 
I f  o s c i l l a t i o n s  a r e  present  on t h e  f r o n t ,  the 10  percent  and 
90 percent  va lues  should be derived from the  mean curve drawn 
through these  o s c i l l a t i o n s .  
5B.1.4 V i r t u a l  Origin O1. The v i r t u a l  o r i g i n  O1 of an impulse i s  de- 
f ined  a s  t h e  i n s t a n t  preceding t h a t  corresponding t o  the time 
a t  which t h e  cu r ren t  i s  10 percent  of the  peak value by 0 .1  t 2 .  
For osci l lograms having l i n e a r  time sweeps, t h i s  is the in t e r -  
s e c t i o n  wi th  t h e  a b s c i s s a  of a s t r a i g h t  l i n e  drawn through the  
10 percent  and 90 percent  re ference  po in t s  on the f r o n t .  
5B1.5 V i r t u a l  Time t o  Half Value t 2 .  The v i r t u a l  time t o  half  value 
is t h e  time i n t e r v a l  between t h e  v i r t u a l  o r i g i n  and the i n s t a n t  
on the  t a i l ,  where the  cur rent  has decreased t o  ha l f  the  peak 
value.  
5B.1.6 V i r t u a l  Duration of a Rectangular Impulse Current.  The v i r t u a l  
dura t ion  of a rec tangular  impulse cur rent  is defined by the  time 
during which t h e  cu r ren t  i s  g r e a t e r  than 90 percent  of the  peak 
value.  
Impulse Voltages 
5A.l . l  Full-Impulse Voltage. A ful l - impulse vol tage  i s  i d e a l l y  an 
ape r iod ic  t r a n s i e n t  vol tage  t h a t  r i s e s  r ap id ly  t o  a  maximum 
'value and f a l l s  usua l ly  l e s s  r ap id ly  t o  zero. 
5A.1.3 Peak Value, A l t e rna t ive ly  V i r t u a l  Peak Value. .The peak value 
is normally the  maximum value. With some t e s t  c i r c u i t s ,  o s c i l -  
l a t i o n s  or  overshoot may be present  on t h e  vol tage .  I f  the am- 
p l i t u d e  of the  o s c i l l a t i o n s  i s  not  g r e a t e r  than 5 percent  of the  
peak value and the  frequency i s  a t  l e a s t  0.5 megahertz, o r  a l -  
t e r n a t i v e l y ,  i f  the  amplitude of the overshoot i s  not g r e a t e r  
than 5 percent  of the  peak value and t h e  dura t ion  not longer  
than 1 microsecond, then fo r  the purpose of measurement a  mean 
curve may be drawn, the  maximum amplitude of which is def ined  
a s  the  peak value.  
5A.1.4 V i r t u a l  Front time t .  The v i r t u a l  f r o n t  t i m e  t is defined a s  
1.67 times t h e  time i n t e r v a l  t between the  i n s t a n t s  when the 
impulse i s  30 percent and 90 percent  of t h e  peak value.  I f  
o s c i l l a t i o n s  a r e  present  on the  f r o n t ,  the  mean curve should 
be drawn through the  o s c i l l a t i o n s .  
5A.1.5 V i r t u a l  Origin 0 of an Impulse. The v i r t u a l  o r i g i n  0 of an 
impulse i s  defined as  t h e  i n s t a n t  preceding t h a t  corresponding 
t o  poin t  A by a time 0.3 t .  For osci l lograms having l i n e a r  
time sweeps, t h i s  is the  i n t e r s e c t i o n  wi th  the  absc i s sa  of a  
s t r a i g h t  l i n e  drawn through the  r e fe rence  po in t s  on the f r o n t .  
5A.1.6 V i r t u a l  r a t e  of Rise (RR) of t h e  Front .  The v i r t u a l  r a t e  of 
r i s e  (RR) of t h e  f r o n t  is t h e  quo t i en t  of the  peak va lue  and 
the v i r t u a l  f r o n t  time. 
5A.l.7 V i r t u a l  Time t o  Half Value t .  The v i r t u a l  time t o  ha l f  value t 
of an impulse is t h e  time i n t e r v a l  between the  v i r t u a l  o r i g i n  
and t h e  i n s t a n t  on t h e  t a i l ,  when the  vol tage  has decreased t o  
ha l f  peak value.  
Fur ther  information may be obtained from the  following sources:  
1. Standard "Techniques f o r  D i e l e c t r i c  Tests"  USA C68.1, IEEE No. 4 ,  
1968 IEEE - 3115 East 47th S t r e e t ,  New York, N.Y .  10017. 
2 .  J. D. Robb, R. F. Huber and C.  J. Kawiecki, "Lightning Test  F a c i l i t i e s  
and Measurements Techniques," USAF Avionics Labora tor ies ,  Wright- 
Pa t t e r son  AFB, Ohio, Proceedings, 1970 Lightning and S t a t i c  E l e c t r i c  
Conference, December, 1970, San Diego, Ca l i fo rn ia .  
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APPENDIX F 
MAGNETIC FIELDS, CONDUCTOR CURRENTS, AND 
CONDUCTOR VOLTAGES WITHIN DIFFERENT ZONES 
OF THE SPACE SHUTTLE 
A l i gh tn ing  s t r i k e  t o  the  Space S h u t t l e  w i l l  produce electromagnetic  
f i e l d s  wi th in  the vehic le .  The magnitude and waveshape of these  f i e l d s  
w i l l  be dependent upon the  cur rent  amplitude and waveshape of the  l i g h t -  
ning s t r i k e ,  the  poin t  on t h e  veh ic l e  t h a t  i s  s t r u c k ,  and upon t h e  degree 
of electromagnetic  sh i e ld ing  o f fe red  by t h e  vehic le .  Externa l  t o  the ve- 
h i c l e ,  t he re  w i l l  be both i n t e n s e  e l e c t r i c  and magnetic f i e l d s ,  but in- 
s i d e  the  veh ic l e  the  magnetic f i e l d s  w i l l  predominate. The e l e c t r i c  
f i e l d s  w i l l  be n e g l i g i b l e  except near  aper tures .  The magnetic f i e l d s  
w i l l  a l s o  be high near  ape r tu res .  
The magnetic f i e l d s ,  i f  they pass between a cable  and t h e  veh ic l e  
s t r u c t u r e ,  w i l l  induce a common-mode vo l t age  between the  conductors of 
the cable and the veh ic l e  s t r u c t u r e .  The vol tage  w i l l  depend upon the  
magnetic f i e l d  i n t e n s i t y ,  t h e  r a t e  of change of t h a t  magnetic f i e l d ,  the  
cable length ,  the  spacing between the  cable  and veh ic l e  s t r u c t u r e ,  and 
the sh ie ld ing  of the cable.  This  induced vol tage  may e i t h e r  appear i n  
the form of a vol tage  across  open con tac t s ,  or  may cause a cu r ren t  t o  c i r -  
c u l a t e  through cable  s h i e l d s  o r  low-impedance inpu t  c i r c u i t s .  Whether o r  
not damage or  malfunct ion occurs  depends on the  amplitude andwaveshape 
of these  vol tages  and c u r r e n t s ,  and on t h e  type of device upon which t h e  
vol tage  appears o r  through which the  cu r ren t s  c i r c u l a t e .  Evaluat ion of 
these f i e l d s ,  vo l t ages ,  c u r r e n t s ,  and e f f e c t s  i s  a d i f f i c u l t  and complex 
t a sk ,  and i f  pursued r igorous ly  would be q u i t e  expensive and time con- 
suming. 
I n  order  t h a t  i n i t i a l  s p e c i f i c a t i o n s  regarding avionics  equipment 
f o r  the  Space S h u t t l e  may be def ined ,  an a n a l y s i s  has been made of t h e  
expected magnetic f i e l d s  w i t h i n  d i f f e r e n t  regions of the  Orb i t e r  and of 
t h e  open-circuit  vo l tage  o r  s h o r t - c i r c u i t  cur rent  t h a t  may be induced by 
such f i e l d s .  These analyses a r e  not r igorous ,  but  do r e f l e c t  the  co l lec-  
t i v e  judgment of s eve ra l  i nd iv idua l s  with considerable experience i n  a i r -  
c r a f t  and electromagnetic  sh i e ld ing .  They a r e  bel ieved t o  be conserva- 
t i v e ,  but  r ep resen ta t ive  of t h e  e f f e c t s  produced by severe  l i gh tn ing  
s t r i k e s .  I f  app l i ca t ion  of these  da ta  i n d i c a t e  a severe  compa t ib i l i t y  
problem l ead ing  t o  severe  cos t  o r  weight p e n a l t i e s ,  f u r t h e r  a n a l y s i s  i s  
warranted. 
Figure F-1 shows the d i f f e r e n t  reg ions  wi th in  the  s t r u c t u r e  t h a t  were 
o r  w i l l  be considered i n  t h i s  ana lys i s .  These a re :  
Zone 1 - f l i g h t  deck 
Zone 2 - cen te r  equipment bay 
Zone 3 - lower equipment bay 
Zone 4 - forward top 
Zone 5 - forward cen te r  
Zone 6 - payload bay 
Zone 7 - a f t  equipment bay 
Zone 8 - engine compartment 
Zone 9 - v e r t i c a l  s t a b i l i z e r  
Zone 1 0  - wing 
No cons idera t ion  has  y e t  been given i n  t h i s  a n a l y s i s  t o  equipment 
wi th in  the  v e r t i c a l  s t a b i l i z e r  (zone 9) or  w i th in  the wings (zone 10) .  
The magnetic f i e l d s  within the  s t r u c t u r e  w i l l  be d i f f e r e n t  depending 
upon the  po in t  a t  which t h e  l i gh tn ing  a r c  a t t a c h e s  t o  the  s t r u c t u r e ,  and 
upon the mechanism by which the  magnetic f i e l d s  couple t o  the i n s i d e  of 
the  s t r u c t u r e .  Coupling may be e i t h e r  through ape r tu res  o r  by d i f fus ion  
through the metal sk in .  An example of an important ape r tu re  is through 
the  windshield i n t o  the  f l i g h t  deck, Zone 1. This  ape r tu re  coupling i s  
p a r t i c u l a r l y  important f o r  a s t r i k e  near t h e  top of the  windshield, shown 
as  s t r i k e  B i n  f i g u r e  F-1. 
The f i e l d s  i n  the  d i f f e r e n t  zones can be represented as  the d i r e c t  
superpos i t ion  of two components, one due t o  ape r tu re  coupling, component 
A,  and one due t o  d i f f u s i o n  coupling, component B. Component A has a 
waveform t h e  same a s  t h a t  of the  inc iden t  l i gh tn ing  cu r ren t  while  t h e  
component B has awaveshape wi th  longer  r i s e  and f a l l  times than the  in- 
c ident  l i g h t n i n g  cu r ren t .  The waveshape of component A is the  same f o r  
the d i f f e r e n t  zones. T%is i s  a i s o  crue  f o r  the  waveshape of component B.  
The amplitudes of t h e  two components a re  n o t  assumed t o  be r e l a t e d .  The 
waveshapes of the  two components a r e  shown i n  f i g u r e  F-2, while  the am- 
p l i t u d e s  a r e  shown i n  t a b l e  F-I.  
I f  only common-mode vo l t ages  a r e  considered and only cable  systems 
s h o r t  enough t h a t  t ransmission l i n e  e f f e c t s  need not  be considered, t h e  
induced vo l t age  w i l l  be 
where A = a rea  of the  loop involved - meter2 
!lo = 4n x - henry/meter (permeabil i ty  of f r e e  space)  
4 = t o t a l  f l u x  l inked  i n  webers 
H = magnetic f i e l d  i n t e n s i t y  i n  amperesjmeter 
t = seconds 
e  = v o l t s  
expressed i n  inch  u n i t s  
dH 
e = 8.11 x 10-lo x 9. x h - . . . . . . . . . . . . . . . . . .  2)  d  t 
where 9. = l ength  of cable bundle - inches 
h = height  above ground plane - inches 
H = amperesjmeter 
t = seconds 
It must be emphasized t h a t  the  vol tage  so ca l cu la t ed  i s  t h a t  e x i s t i n g  
between the  e n t i r e  group of conductors (comprising the cable)  and the  ve- 
h i c l e  s t r u c t u r e .  The vol tage  w i l l  d iv ide  between the loads a t  the ends of 
the cable  inve r se ly  a s  t h e  impedance of the  loads.  For worst case analy- 
s is ,  consider  one end of the cable  grounded with the o ther  end open c i r -  
cu i ted .  A l l  the vol tage  so developed w i l l  appear a t  the open-circui t  end 
of the  cable .  
Line-to-line o r  c i r c u i t  vo l tages  w i l l  be l e s s ,  gene ra l ly  by a  f a c t o r  
of 10 t o  100 or 20 t o  40 dB down from the  common-mode vol tages  because in- 
d iv idual  conductors a re  usua l ly  c lose  together  and a r e  o f t e n  twis ted ,  thus 
reducing the  t o t a l  loop area .  
The maximum cable cu r ren t  is t h a t  which flows when both ends of the  
cable a r e  connected t o  t h e  veh ic l e  s t r u c t u r e  through a  low o r  zero imped- 
ance. Such an impedance may be an o v e r a l l  s h i e l d  grounded a t  each end 
o r  it may be a  group of semiconductor c i r c u i t s ,  each having low input  im- 
pedance. I n  the  f i r s t  case,  t h e  cu r ren t  w i l l  flow on t h e  o v e r a l l  s h i e l d  
wi th  the cur rent  on the input  c i r c u i t s  determined by the s h i e l d i n g  prop- 
e r t i e s  of the  s h i e l d .  I n  t h e  second case ,  the cu r ren t  w i l l  flow d i r e c t l y  
through the input  semiconductors and t h e i r  b i a s  sources.  
The s h o r t  c i r c u i t  cur rent  t h a t  flows may be determined from the  
f a m i l i a r  expression 
1 
whence i = - d t  . . . . . . . . . . . . . . . . . . . . . . . .  4) L 
i = amperes 
L = self- inductance of cable  i n  hen r i e s  
e  = open c i r c u i t  induced vol tage  i n  v o l t s  
t = time i n  seconds 
Cable inductance may be est imated from the expression 
o r  5.08 x  loge 4h henr i e s l inch  . . . . . . . . . . .  6 )  
where h  = height  above a  ground plane 
d  = conductor diameter 
The induced vo l t age ,  e ,  which d r ives  the  cur rent  is propor t ional  t o  
t h e  cable  he igh t ,  bu t  the  cable  inductance which impedes the flow of cur- 
r e n t  is p ropor t iona l  t o  t h e  logari thm of the  cable  he igh t .  
Cable vol tages  and cu r ren t s  ca l cu la t ed  as  above a r e  given i n  
t a b l e  F-11. Worst case e x t e r n a l  cable  cu r ren t s  were computed f o r  the  ex- 
t e r n a l  tank (300 amperes) and f o r  each of t h e  s o l i d  rocket  booster  cables  
(700 amperes). 
TABLE F-1.- MAGNETIC FIELDS IN DIFFERENT ZONES 
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TABLE F-11.- OPEN CIRCUIT VOLTAGE AND SHORT CIRCUIT CABLE CURRENT I N  THE VARIOUS ZONES *J I 
m 
A l l  v a l u e s  based  on c a b l e  l e n g t h  = 100 i n c h e s .  
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A through D - Most probable lightning arc entry and ex i t  points 
Shuttle zones 
1 Flight deck 6 Payload bay 
2 Center equipment bay 7 Aft equipment bay 
3 Lower equipment bay 8 Engine compartment 
4 Forward top 9 Vertical stabilizer 
5 Forward Center 10 Wing 
Figure F-1.- Shielded zones within the orbiter structure. 
1 0 0  x lo-'sec 
(a) Lightning current 
table F-1 for amplitude 
100 x 1 0 - ~ s e c  
(b) Aperture coupled field, A-component 
See table F-1 for amplitude 
6 0 0  x 1 0 - ~ s e c  
(c) Diffusion coupled field, B-component 
Figure F-2.- Waveforms of aperture and diffusion coupled magnetic fields. 
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